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ABSTRACT

Analysis of Iodide and lodate in Soil and Water
by
James W. Dorman
Dr. Spencer Steinberg, Examination Committee Cbair
Professor o f Chemistry
University o f Nevada, Las Vegas
Halide anions such as iodide have important roles in biological and environmental
sciences. Environmental iodine is useful in oceanography and atmospheric studies as
well as studies o f soils and mineral deposits. The fission product, Iodine-129, is a major
concern to the Department o f Energy because it is a radiation hazard to the public.
Consequently, there is great potential value in examining patterns o f iodine migration and
sorption near weapons test sites and nuclear waste facilities. Traditional iodide analyses,
such as by ion chromatography or ion selective electrode, are generally limited to ppm
concentrations. Electrochemical methods are very sensitive but vulnerable to organic
fouling and interference by other ionic species. The goal o f this project was to develop a
sensitive iodide and lodate assay to apply to the analysis o f environmental water and soil
samples. Two different approaches based on GC/MS were developed and tested.
The first approach is based on adsorption o f the iodide in an aqueous sample by
anion exchange resin. The resin is then analyzed by pyrolysis-GC/MS. Pyrolysis o f the
resin yields methyl iodide, a favored reaction product. During pyrolysis the methyl iodide
(Mel) is produced in proportion to its abundance in the sample and can be analyzed by
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GC/MS. Standard concentration iodide solutions are used to produce a calibration curve.
The iodide concentrations o f environmental samples are quantified by correlation to the
calibration curve. Two strong base anion exchange resins were studied. The first,
AG1-X8, consists o f poly(styrene-co-divinylbenzyltrimethylammonium chloride). A
pyridine based polymer, poly(divinylbenzene-co-1-methyl-4-vinylpyridinium chloride),
was the other resin studied. The two quaternary amine based resins were used to derive
calibration curves and to analyze samples. Acceptable calibration curves were generated
with AG-1 and the poly-pyridinium chloride resin over the iodide concentration range,
5 nanomolar to 500 nanomolar. However, the I analyses by pyrolysis-GC/MS o f
environmental samples (e.g. Lake Mead water samples) proved to be unacceptable in
both accuracy and precision.
Efforts were redirected to the determination o f iodide and iodate in environmental
samples by the second assay method. Iodide in a 50.0 mL aqueous sample is derivatized
to methyl iodide by reaction with dimethylsulfate in a 60 mL septum (crimp) sealed
reaction vessel. After the reaction is finished a 500 pL gas sample o f the reaction vessel
headspace is analyzed for M el by GC/MS. Acceptable calibration curves were obtained
for the I concentration range, 1 nanomolar to 500 nanomolar. Total inorganic iodine
(TII) is quantified by reducing the sample iodate to iodide with sodium dithionite and
then applying the same analytical procedure as described above for iodide. lodate is then
determined by the difference between TII and iodide. Measurements o f iodide and iodate
were made on Las Vegas tap water and Lake Mead water samples. In addition, the
soluble iodide and iodate concentrations in salt rich soil samples from the Virgin River
area (Black Butte Series) were determined.
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CHAPTER 1

INTRODUCTION
General
Iodine (atomic number 53, atomic weight 126.90), a halogen, is a trace element
that has important roles in the environmental and biological sciences. Iodine is found in
multiple oxidation states in nature as inorganic and organic species. It is found in soil,
rock, natural waters, and in living organisms. The concentration o f inorganic iodine in
seawaters is between 40 ppb and 70 ppb depending on sampling location and depth
(Takayanagi & Wong, 1986). The generally accepted value for the average iodine level
in the oceans is about 60 ppb or 470 nM ( Fuge, 1996; Luther, et al, 1988). Natural
surface and ground waters have rather low inorganic iodine concentrations, usually less
than 10 ppb (von Gunten, 2003). The average crustal concentration o f iodine is
460 ppb (Edmonds & Morita, 1998).

Iodine in the Biosphere and Its
Relationship to Human Health
Iodine is an essential micronutrient for animals and humans. The human body

contains 10 to 20mg and >90% is in the thyroid. Iodine is required for biosynthesis o f the
thyroid hormones, thyroxine and triiodothyronine. Thyroid hormones are essential for
the development o f brain function and cell growth as well as for regulating the basal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

metabolic rate. Iodine deficiency seriously impairs neurological development.
Approximately two billion people worldwide live in areas o f iodine deficiency, primarily
a result o f natural soil deficiency and governmental inaction. A daily intake o f 150 pg o f
iodine is recommended by the U.S. Food and Drug Administration. In most developed
nations the requirement is easily met by use o f iodized table salt (70pg/g)
(Lee, et al., 2006).
There is no known function for iodine in terrestrial plants and its deficiency in soil
doesn't affect plant growth. However, in regard to animals’ nutrient iodine needs,
terrestrial plants are important fixers o f iodine. In marine plants iodine has no known
important function but it is highly enriched in many seaweeds and algae simply as part o f
the plant's "structural fabric" (Fuge & Johnson, 1986). In fact, iodine was discovered in
1811 when it was isolated fi*om seaweed by Bernard Courtois.

The Isotopes o f Iodine
Essentially 100% o f the iodine found in the environment is the stable isotope
1-127. Prior to the nuclear era the long-lived isotope, I-I29 (half-life= 15.7x10^ years),
occurred in nature in secular equilibrium with its formation processes. Iodine-129 is
produced in nature by cosmic ray spallation o f xenon isotopes in the atmosphere and by
spontaneous fission o f heavy elements in the lithosphere. In these pre-nuclear age
conditions the I-129/1-127 ratio in the oceans has been estimated at ~10 '^
(Fabryka-Martin et al., 1985). However, during the last 60 years nuclear processing
discharges and atomic bomb fallout have completely overwhelmed the natural
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I-129/1-127 ratio. Ratios as high as 10'^ have been measured in the surface hydrosphere
and biosphere (Oktay et al., 2000).
In the field o f geochemistry 1-129 is a prominent tracer element in hydrology,
oceanography and atmospheric studies. It can serve as a pathfinder element for locating
mineral deposits. Environmental iodine and its isotopes are highly mobile and primarily
marine in nature. The migration o f radioiodines from the nuclear industry and their
transport via the ocean - atmosphere - land cycle provides researchers a geochemical
tracer and a geochronometer (Santschi and Schwehr, 2004).
More than 30 radioactive isotopes o f iodine, from 1-108 to I-144, have been
identified by nuclear reaction experiments. When fissile nuclides (e.g. U-235) undergo
fission, the atom splits into two assymetric fragments with mass numbers in the range o f
about 90 to 140. The two most significant iodine isotopes, 1-129 and 1-131, have fission
yields o f ~1 % and ~3% respectively. Iodine-131 is an acute radiation hazard because o f
its high specific activity (130,00 curie/g). The W orld Health Organization has estimated
4,000 cases o f thyroid cancer in children as a result o f the Chernobyl disaster. Uptake o f
1-131 by the thyroid was the causative factor. The exposure is mainly attributed to
consumption o f milk fi'om dairy cows that were grazing in the contamination area
(Bennett, et al., 2006). However, 1-131 is not a long-term hazard because o f its short
half-life o f 8 days. This means that after three months essentially all I - 131 produced by
an event is gone.
Although I-129 has a very low specific activity (0.00018 curie/g) it will
accumulate in the environment due to its very long half-life. The release o f radioiodines
from fission materials is important and studies o f iodine mobility in the environment and
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its possible immobilization are ongoing. Consequently, 1-129 and a number o f other
radionuclides are designated major concerns by the U.S. Department o f Energy (DOE)
(Scott, 2003; Holdren, et al., 2006). It is estimated that more than 90% o f the
anthropogenic 1-129 production since 1966 is due to releases from the nuclear fuel
reprocessing plants located at Cap de La Hague, France and at Sellafield, England
(Raisbeck et al., 1995). Estimates o f the amount o f 1-129 in the surface environment
resulting from natural processes as well as from human activities are as follows:
1) natural amount = 80 to 100kg; 2) atmospheric bomb tests = 50 to 150kg;
3) Chernobyl accident = 1.3kg; 4) releases from the Cap de La Hague, France and
Sellafield, England plants = 1400 to 2360kg (Oktay, et al., 2000; Oktay, et al., 2001).
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CHAPTER 2

LITERATURE REVIEW
The Geochemistry o f Iodine
Studies o f iodine are important in the fields o f regional and global hydrology,
nuclear nonproliferation, environmental protection, and public health. The distribution o f
iodine in the environment is largely controlled by proximity to the oceans, with rainwater
and surface run-off relatively enriched in iodine in near-coastal regions. Volatilization
from the oceans, as elemental iodine or as an organically-bound species, is the main
source o f the element in the terrestrial surface environment (Fuge, 1996).
Evapotranspiration processes that carry iodine from ocean to land include
aerosolization (sea spray) and volatilization. Sea spray is a minor transporter o f iodine
even in coastal areas. It appears the major contributors o f the ocean-atmosphere flux are
volatile alkyliodides such as methyl iodide. Marine algae (e.g. phytoplankton and
seaweeds) are the primary generators o f organic iodine in seawaters through the activity
o f halide ion methyl transferase enzymes (Carpenter, 2003).
Atmospheric iodine input is the major controlling influence on the geographic
distribution o f iodine in soils. Coastal soils are iodine enriched wbile mountainous and

central continental soils are depleted. This geographic pattern correlates to a high degree
with human population areas where iodine deficiency disease is endemic. Soil
characteristics influence iodine retention and have a significant impact on soil iodine
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levels. Important sinks o f soil iodine are organic matter, iron and aluminum oxides, and
clays. It should be noted that little o f the iodine in soil is derived from weathering o f
surrounding rock strata. Soil iodine levels are generally higher than the levels in the soil
parent materials (Fuge, 1996).

Iodine-129 as an Environmental Tracer
The I-129/1-127 isotope system is used in hydrogeological studies, marine
chemistry research, and to investigate radionuclide releases from nuclear facilities. The
predominant forms o f inorganic iodine are iodide (F) and iodate (IO 3 ), both o f which are
highly soluble and mobile in the environment. The chemical properties o f 1-129 and
1-127 are essentially identical and so they have identical environmental and geochemical
properties. Therefore, the change in isotopic ratio caused by the release o f 1-129 at a
point in space and time acts as a marker o f the event. The distribution o f the released
1-129 resulting from environmental transport processes can be examined by appropriate
sampling and analytical techniques. This is the principle by which the source, sink, and
transfer functions o f mobile environmental elements can be studied (Fabryka-Martin et
al., 1985). 1-129 can add to the understanding o f radionuclide migration through geologie
media, the mixing o f water from different sources, the formation and transport o f organic
matter, and the age o f sedimentary formations (Fabryka-Martin et al., 1985;
Raisbeck et al., 1995).
A few examples from the literature o f geochemical studies using the I-129/1-127
ratio are as follows. A study was made o f Mississippi River watershed processes by
analysis o f concentrations and spéciation o f iodine isotopes in samples taken near New
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Orleans (Oktay, et al., 2001). The 1-129 input to the Mississippi Delta region was
reconstructed from vertical profiles o f the iodine isotope ratio in 60 meter water depth
sediments (Oktay, et al., 2000). The sources and levels o f 1-129 were evaluated in
surface and ground waters o f the eastern Snake River Plain, which is downstream from
the Radioactive Waste Management Complex at the Idaho National Laboratory Site in
southeastern Idaho (Cecil et al., 2003). In an investigation o f sources, distribution, and
reservoirs o f anthropogenic 1-129 in western and central New York State, radioiodine
was measured in dated tree rings. A secondary aim o f their work was to identify tree
species most suitable for future tree ring studies (i.e. the species with the highest iodine
levels) (Rao et al., 2002). The history o f 1-129 input to the oceans from the nuclear
facilities at Sellafield, England and La Hague, France was evaluated by analysis o f
archived seaweed samples that were taken 3 to 5 kilometers from the fuel processing
plant discharge sites (Raisbeck et al., 1995).

Analysis for I-129 and the I-129/1-127 Ratio
The two most reliable methods for high sensitivity 1-129 determinations on
environmental samples are neutron activation analysis (NAA) and accelerator mass
spectrometry (AMS). Accelerator mass spectrometry has the greatest analytical
sensitivity o f all methods but involves the most complex and expensive instrumentation.
In NAA the sample is bombarded with neutrons from the radiation field o f a nuclear
reactor. When an 1-129 atom absorbs a neutron it is transmuted to highly radioactive
1-130 (half-life= 12.36 hours). 1-129 is quantified by detection o f the characteristic
gamma-radiation emitted as the 1-130 decays. 1-127 can be quantified simultaneously by
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the characteristic gamma-ray emission o f 1-128. In AMS an accelerator acts as an
extremely sensitive mass spectrometer with both high mass resolution and extremely low
background count rates. The sample iodine atoms are introduced to the electrostatic
accelerator from a gas phase ion source. The ions are subjected to increasing electric
potentials, which impart very high kinetic energy to the ions. As the ions exit the
accelerator they pass through both electric fields and magnetic fields set to allow only
ions o f specific charge and kinetic energy to pass. The ions then enter a dedicated
detector set to the specific element. Since only the I-129/1-127 ratio is determined by
AMS it is necessary to apply chemical analysis to the original sample to quantify total
iodine (Szidat etal., 2000). From a practical standpoint these two methods are expensive
and not readily available to most labs.
Inductively coupled plasma mass spectrometry (ICP-MS) would be a more
convenient method o f iodine isotopic analysis. But the very low environmental
concentration o f 1-129 is at or near the detection limit o f ICP-MS. Nonetheless, there are
reports o f 1-129 analysis by ICP-MS in the literature (Beals & Hayes, 1995;
Bienvenu et al., 2004).

Methods o f Analysis for Environmental Iodine
Chemists have developed a variety o f methods to detect iodine in environmental
samples. In all the methods o f iodine analysis that will be described here it is assumed
that iodide (T) and iodate (IO3 ) are the only significant inorganic iodine species present
in water samples. lodate is the thermodynamically stable form o f iodine in oxygenated
waters, which would suggest that iodide should be essentially undetectable in surface
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waters. But significant levels o f iodide are found in surface waters. It is generally
accepted that the source o f this thermodynamic disequilibrium is biological activity
(Tian & Nicolas, 1995). Environmental molecular iodine (I2 ) levels are normally so low
that it can be disregarded. Hypoiodous acid (HOI) and hypoiodite (10') are likewise
inconsequential as they are short-lived intermediate species in the formation o f IO 3 '. In
addition, I2 and lO react readily with organic matter, especially phenolic materials, to
form covalently bound carbon-iodine. Consequently, the determination o f inorganic
iodine is generally defined as total inorganic iodine (TII) equals iodide + iodate.
According to Edmonds and Morita (1998), the main methods for analysis o f iodide and
iodate in water samples are;
1) catalytic, 2) electrochemical, 3) spectrophotometric, and 4) GC after derivitization.
Standard Methods for the Examination o f Water and Wastewater (1998)
recommends three methods for measurement o f iodide. They are the leuco crystal violet
method, the catalytic reduction method, and the voltammetric method. The leuco crystal
violet method is a spectrophotometric technique applicable to iodide in the range o f 50 to
6000 pg/L. This range is not useful for analyzing most fresh waters since iodine is
usually <10pg/L). The method is also not useful for seawater analysis as chloride
concentrations above 200mg/L interfere with color development (Clesceri et al., 1998).
In the catalytic reduction method iodide is determined by its ability to catalyze the
reduction o f eerie ions by arsenious acid. This catalytic effect is proportional to the
quantity o f iodide present in the sample. The authors state the useful iodide detection
range is from 1 to 80 pg/L and that reproducible results in the range 0 to 14 pg/L
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(±0.3 pg/L accuracy) have been reported. Silver and mercury inhibit the reaction
(Clesceri et al., 1998).
It would be more appropriate to designate the catalytic reduction method as an
analysis for total inorganic iodine (TII) since As(III) under acidic conditions is a strong
reducing agent and will reduce all the inorganic iodine species (IO 3 ,1 0 , HOI, L) to
iodide. This is in fact how the method was utilized in studies o f various oceanic systems.
In these studies the TII results, in conjunction with iodide and/or iodate specific analyses,
were used to elucidate the distribution and spéciation o f inorganic iodine in oceanic
systems (Truesdale & Spencer, 1974; Truesdale, 1978; Waite, et al., 2006).
The voltammetric method is based on the following principle. U nder an applied
potential the iodide in an aqueous sample deposits on the surface o f a static mercury drop
electrode (SMDE) as mercurous iodide. A cathodic potential scan reduces the mercurous
iodide, which produces a current peak at -0.33 V relative to the saturated calomel
electrode. The iodide concentration is proportional to the height o f the current peak.
Oxygen must be removed Ifom the sample solution by purging with argon. The
voltammetric method can determine iodide in the range 0.13 pg/L to 10.2 pg/L
(Clesceri et al., 1998).
For the determination o f iodate Standard Methods for the Examination o f Water
and Wastewater (1998) recommends the differential pulse polarographic (DPP) method.
In mildly basic conditions iodate is reduced to iodide at a dropping mercury electrode by
cathodic potential scan. The reaction produces a current peak at -1.1 V relative to the
saturated calomel electrode. The current peak height is proportional to the iodate
concentration. Oxygen must be removed from the sample solution by purging with
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argon. Zinc interferes and can be removed by treating the sample with EDTA. lodate in
the range 3 to 130 pg/L can be measured (Clesceri et al., 1998).
W ong and Cbeng (1998) and Tian and Nicolas (1995) report analyzing seawater
samples for iodate by differential pulse polarograpby (DPP) and for iodide by cathodic
stripping square wave voltammetry (CSSWV). It is also possible to analyze for both
iodate and iodide by the same voltammetric method. One way this can be done is to
determine iodide directly by CSSWV. Then reduce the sample iodate to iodide with
sodium sulfite and analyze by CSSWV for iodide to obtain the value o f TIL The
difference between TII and iodide gives the iodate level (Wong & Zhang, 1992). In
similar fashion both iodine species can be determined by first analyzing for iodate by
DPP. Then sample iodide is oxidized to iodate with sodium hypochlorite followed by
DPP analysis for iodate to yield TII. The difference between TII and iodate gives the
iodide level (Luther & Cole, 1988). However, it should be noted that voltammetry
methods are very time consuming and are subject to organic fouling o f the electrodes
(Schwehr & Santschi, 2003).
A procedure for the determination o f T and IO 3 , which involves combined HPLC
and inductively coupled plasma mass spectrometry (ICP-MS) has been described. The
HPLC outlet was connected by Tygon tubing to the pneumatic nebulizer o f the ICP-MS
inlet (Salov et al., 1992). A similar approach, in which HPLC was coupled with a
spectrophotometric detector, has been reported by Schwehr & Santschi (2003). The
HPLC system was linked to a UV spectrophotometer set at 226 nm wavelength. Samples
were analyzed first for T and then for TII after reduction o f IO3' to T with sodium

11
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bisulfite. As in previous examples the difference between TII and iodide gives the iodate
level.
Other methods for iodide analysis, which will not be detailed here, include ion selective electrode (ISE), ICP-atomic emission spectrometry (AES), X-ray
fluoresence (XRF), colorimetry, and chemiluminescence.

Iodide Analysis by GC after Derivatization
A variety o f derivatization methods for iodide determination have been reported
in the literature. Maros et al. (1989) oxidized sample iodide to 1%with permanganate in
the presence o f acetone under acidic conditions to yield iodoacetone. The iodoacetone
was extracted with benzene and a 1pL aliquot o f the benzene phase analyzed by gas
chromatography with electron capture detection (GC-ECD). Another derivatization
method is to oxidize the sample iodide with 2 -iodosobenzoate in the presence o f
N,N-dimethylaniline to yield 4-iodo-N,N-dimethylaniline. The product,
4-iodo-N,N-dimethylaniline, is extracted into cyclohexane and analyzed by GC-MS.
lodate could be determined by the preliminary step o f reducing IO 3 , with ascorbic acid
followed by the iodide analysis procedure above. This would give TII and thus iodate by
difference. (Mishra et al., 2000)
In a procedure developed by Funazo et al. (1982) the sample iodide is reacted
with dimethyl sulfate to yield methyl iodide. A 1.0 mL aqueous sample is combined with
0.05 mL o f dimethyl sulfate in a sealed reaction vessel which is then mixed for 20 min at
70°C. After cooling in an ice-bath the mixture is extracted with 1.0 mL o f benzene. An
aliquot (0.3 pL) o f the organic layer is analyzed for methyl iodide (Mel) by GC-ECD.

12
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lodate is analyzed by combining 0.10 mL o f 50 gM sodium thiosulfate with a 1.0 mL
aqueous sample and let stand 10-20 min. This reduces the iodate to iodide. The
derivatization reaction to form Mel described above is applied to this reduced sample
followed by methyl iodide analysis by GC-ECD. This yields T il and the iodate level by
difference as in previously cited examples.

Research Overview
This research is intended to develop a sensitive and reliable method for the
analysis o f inorganic iodine in environmental samples. Two methods were investigated
in which analyte inorganic iodine is quantified as methyl iodide (Mel). One method
studied involves absorption o f sample iodide with anion exchange resin in a batch
process. After drying, the resin is subjected to pyrolysis-GC/MS analysis. The pyrolysis
o f the resin produces methyl iodide which is then quantified by the GC/MS analysis. The
analyses and results o f the resin-pyrolysis method are given in Chapter 3.
The other method studied is essentially a modified version o f the method o f
Funazo et al. (1982) described in the preceding section in which sample iodide is reacted
with dimethyl sulfate to produce methyl iodide. The key modification we made to the
Funazo method is that instead o f extracting methyl iodide with organic solvent, the
reaction vessel headspace gases were analyzed directly for Mel by GC/MS. Henceforth,
the modified Funazo method utilized in this work will be referred to by the abbreviation
HS-M el (headspace —methyl iodide analysis). Samples from local aquatic and soil

systems were analyzed for iodide and iodate.
The motivation o f this research is to develop an effective method for investigating
the migration potential o f iodine radioisotopes from nuclear processing facilities and
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radioactive waste storage sites. Furthermore, a potential extension o f this work in the
future would be to subject the Mel derivative to isotopic analysis by interfacing the
method with ICP-MS. Isotopic iodine analysis would then be much more accessible and
convenient than current methods.

14
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CHAPTER 3

IODIDE ANALYSIS BY ION EXCHANGE RESIN PYROLYSIS
Synthesis o f Anion Exchange Resins
As part o f this research we propose to develop a new analytical method for the
determination o f iodide. This new method is based on the thermal release o f iodide from
strongly basic anion exchange resin as methyl iodide (Mel). The released M el will be
quantified by GC/MS.
Three resins o f the strong base anion exchange type were identified as suitable for
this study. One, AG1-X8 (100 - 200 mesh), is commercially available from Bio-Rad.
AG1-X8 resin consists o f poly(styrene-co-divinylbenzyltrimethylammonium chloride).
The other two resins required chemical synthesis from nonionic resin precursors. One o f
the target resins, poly(divinylbenzene-co-1-methyl-4-vinylpyridinium chloride), was
synthesized by methylating the polyvinylpyridine precursor with dimethyl sulfate.
Synthesis o f the other target, poly(styrene-co-4-styryldimethylsulfonium chloride), was
unsuccessful. The poly[4-(methylthio)styrene] precursor o f this anion exchange resin
was synthesized from poly(4-bromostyrene). However, the conversion o f the
poly[ 4 -(methylthio)styrene] to its dimethyl sulfonium salt failed.

Structural representations o f these three resins are depicted in Figure 1. The oval
labeled POL in the structure represents the polymer backbone.

15
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Figure 1

Anion exchange resins

POL.

CH.

AG1-X8 = Poly(styrene-co-divinylbenzyltrimethylammonium chloride)

POL.

N — CM

Poly(divinylbenzene-co-1-methyl-4-vinylpyridinium chloride)

POL.
CH

Poly(styrene-co-4-styryldimethylsulfonium chloride)

The synthesis methods and results are described below.
Expérimental
Reagents:

The poly(styrene-co-4-vinylpyridine) ion exchange resin, Reillex HP, was
obtained from Reilley Industries, Inc (Indianapolis, Indiana). Poly(styrene-co-4bromostyrene) resin was supplied by Aldrich (Milwaukee, WI). Dimethyl sulfate, methyl
iodide, and methyl-p-toluenesulfonate were obtained from Aldrich (Milwaukee, WI).
Dimethyl disulfide and 2.5 M n-butylithium in hexane were purchased from Aldrich
(Milwaukee, WI). The J. T. Baker HPLC grade methanol was obtained from Mallinkrodt
Baker (Phillipsburg, NJ). Tetrahydroftiran was obtained from Aldrich (Milwaukee, WI).
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Concentrated hydrochloric acid was purchased from VWR Scientific (W est Chester, PA).
Analytical reagent grade sodium chloride was from Aldrich (Milwaukee, WI).
Procedure:

Part I : Synthesis o f polvd-m ethyl-4-vinylpyridinium chloride) anion exchange resin
>

Method I.
Step 1) Poly(N-methylpyridinium tosylate)
20mL o f methanol was combined in a dry flask with 5.0g (31.5mmol @ 6.3meq/g

o f resin) o f dry resin, poly(styrene-co-4-vinylpyridine). To the resin-MeOH mixture was
added 5.7mL (7.04g, 37.8mmol, 1.2equiv.) o f methyl-p-toluenesulfonate (MW= 186.23,
p = 1.234g/mL). The flask was sealed and the reaction mixture was left to stand for
3 days with occasional mixing. The resin product was then collected by filtration. The
resin was taken up in 60mL o f MeOH and left to stand for 3 hours to remove unreacted
and excess methyl tosylate. The resin was filtered off again and washed with 50mL o f
MeOH in portions. The resin was washed several times with DI-H 2 O and then dried
under vacuum at 40°C in a VWR Scientific Products vacuum oven. Model 1410.
Results:

Yield = 8.74g as dried resin product.
Theo. Yield - 10.87g; % Yield = 63.7%
This indicates that 63.7% o f the resin functional sites are methylated. Taking into
account this net increase in mass gives a functional group to mass ratio o f 2.30meq/g.
Step 2) Poly(N-methylpyridinium chloride)
7.0g (16.10mmol @ 2.30 meq/g o f resin) o f dry N-methylpyridinium tosylate
resin was taken up in 350mL o f MeOH and 75mL o f conc. HCl (~750mmol, ~46eq) was
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added. The flask was covered and let stand for 4 hours with occasional mixing. The
resin was collected by filtration and washed with 40mL o f MeOH. The resin/HCl
treatment was repeated as above but using less MeOH (120mL) and conc. HCl (25mL).
After filtration the resin was rinsed with 40mL o f MeOH and then washed with 250mL o f
DI-H 2 O. The resin was then dried under vacuum at 40°C.
Results:

Yield = 4.70g as dried resin product.

Functional group to mass ratio = 3.34meq/g.

Theo. Yield = 4.82g; % Yield = 97.4%
>

Method II.

(The svnthetic scheme is in Figure 2)

Step 1) Poly(N-methylpyridinium methylsulfate)
30mL o f MeOH was combined in a dry flask with 5.0g (3I.5mmol @ 6 .3 meq/g o f
resin) o f dry resin, poly(styrene-co-4-vinylpyridine). To the resin-MeOH mixture was
added 3.6mL (4.77g, 37.8mmol, 1.2equiv.) o f dimethyl sulfate (MW= 126.13,
p = 1.333g/mL). The flask was sealed and the reaction mixture was left to stand for
24 hours with occasional mixing. The resin product was then collected by filtration. The
resin was taken up in 40mL o f MeOH and left to stand for 1 hour to remove unreacted
and excess dimethyl sulfate. The resin was filtered o ff again and washed with 50mL o f
MeOH in portions. The resin was then rinsed several times with DI-H 2 O. The resin was
dried under vacuum at 40°C.
Results:

Yield = 8.50g as dried resin product.
Theo. Yield = 8.97g; % Yield = 88.2%
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This indicates that 88.2% o f the resin functional sites are methylated. Taking into
account the net increase in mass gives a functional group to mass ratio o f 3.27meq/g.

Figure 2

Synthesis o f poly( 1-methyl-4-vinylpyridinium chloride)

POL.

O

POL.

O

H^C— O -S -0 —CH.

n=

N

MeOH

CHg

:0 - S -O —CH
Aq. NaCI(xs)

POL.

Step 2) Poly(N-methylpyridinium chloride)
8.0g (26.15mmol @ 3.27 meq/g o f resin) o f dry N-methylpyridinium
methylsulfate resin was taken up in 25mL o f DI-H2O. To the aqueous resin mixture was
added a solution o f 18.35gNaCl (313.8mmol, 12eq; F W - 58.45) in lOOmL DI-H2O.
The flask was covered and let stand for 24 hours with occasional mixing. The resin was
collected by filtration and washed with lOOmL o f DI-H2O. The resin was taken up in
200mL o f DI-H2O and left to stand for 3 hour to remove excess sodium chloride. After
filtration the resin was washed with lOOmL o f DI-H2O. The resin was then dried under
vacuum at 40°C.
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Results:

Yield = 5.94g as dried resin product.

Functional group to mass ratio = 4.35meq/g.

Theo. Yield = 6.02g; % Yield = 98.7%
Conclusion: The N-methylation o f resin pyridine groups by dimethyl sulfate (88.2%) is
more complete than that achieved by methyl-p-toluenesulfonate (63.7%). Also, the
conversion from the methylsulfate anion resin form to the chloride anion resin requires
only aqueous NaCl to obtain the product. Ion exchange conversion o f the tosylate anion
resin requires the use o f methanol and hydrochloric acid, which involves higher cost and
greater waste disposal problems. Therefore, the preferred method for synthesis o f the
target resin is by the dimethyl sulfate route.
Part II : Svnthesis o f polvlstvrene-co-4-stvrvldimethvlsulfbnium chloride)
anion exchange resin

(Svnthetic scheme is in Figure 3)

Step 1) Poly(4-methylmercaptostyrene)

(Crosby et al., 1975).

Under dry A r conditions 14.45g (63.0mmol Br sites @ 4.36mmol/g) o f
poly(styrene-co-4-bromostyrene) was combined with 80mL o f dry THF in a 3-neck
250mL RB flask with magnetic stirring. The mixture was chilled to -78°C in a dry
ice/acetone bath. 50mL o f 2.5 M n-BuLi/hexane (125mmol, 1.98eq.) was added to the
resin/THF mixture. After 20min the dry ice bath was removed and the reaction mixture
was stirred for

1

hour at room temp.

About 60mL o f the reaction solvent was removed with a cannula. 40mL o f dry
THF was added to the reaction flask, which was then chilled to -78°C in a dry ice/acetone
bath. 30mL o f 2.5 M n-BuLi/hexane (75mmol, 1.19eq.) was added to the stirred reaction
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Figure 3

Synthesis o f poly(styrene-co-4-styryldimethylsulfonium chloride)

STEP 1

POL.

Dry THF, -78°C

POL.

SCH
Dry THF, -78“C

STEP 2

CH

POL.

H<iC— 0S~0— CH
MeOH

CH-

+/
!
\g l_ j

Aq. NaCI (xs)

CH.

O - S - 0 —CH

mixture. After lOmin the dry ice bath was removed and the reaction mixture was stirred
for

1

hour at room temp.
The excess n-BuLi/hexane (3.17eq.) used in this reaction is required because o f

the reactivity o f the 1-bromobutane byproduct. Under the strongly basic reaction
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conditions the 1-hromobutane is dehydrohalogenated by n-butyllithium. n-Butyllithium
is consumed and this side-reaction forms both 1-hutene and hutane. Bubbling o f the
reaction mixture was observed during the stages that the cooling bath was removed. This
was a clear indication o f the production o f these volatile hydrocarbons.
The reaction mixture was chilled to -78°C in a dry ice/acetone bath. 45m L o f
dimethyl disulfide (47. Ig, 500mmol, 7.95eq.; MW= 94.20, p = 1.046g/mL) was added
cautiously in increments. After lOmin the dry ice bath was removed and the reaction
mixture was stirred for 2 hours at room temp. The resin beads were filtered o ff and
washed with MeOH and then hexane. The resin was dried under vacuum at 40°C.
Results:

Yield = 12.20g as dried resin product.

Functional group to mass ratio = 4.85meq/g.

Theo. Yield = 12.38g; % Yield = 93.9%
Step 2) Poly (styrene-co-4-styryldimethylsulfonium chloride)
Efforts to form the sulfonium salt from poly(4-methylmercaptostyrene) were
unsuccessful. The poly-thioanisole yielded little or no product when reacted in M eOH
with dimethyl sulfate or with methyl iodide. The reaction with methyl iodide was also
attempted in acetonitrile without success. It should be noted that the synthesis o f
poly(p-methylmercaptostyrene) was assumed successful based on the near stoichiometric
loss o f mass going from the brominated resin precursor to the product. If further efforts
to produce this anion exchange resin are contemplated it may require elemental analysis
o f the presumptive poly-thioanisole product for sulfur to verify that the substitution was
successful.
Conclusion: The sulfonium chloride resin was abandoned as a project target.
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The Rationale o f Resin Mediated Iodide Analysis
In order to explain this novel method a brief description o f ion exchange is
provided here. Ion exchange is a chemical process wherein an ion from solution is
exchanged for an ion sorbed to an immobile solid particle. The solid ion exchange
particles may be inorganic zeolites or synthetically produced organic resins. The organic
resins are composed o f high-molecular-weight polyelectrolytes, which have a fixed
number o f exchange sites per unit mass o f resin. The number o f exchange sites per unit
mass o f resin is usually expressed as milliequivalents per gram ( meq/g ). The organic
resins are the predominant ion exchange material in use today. Chemists typically use
ion exchange resins in separation, purification, and decontamination processes. The most
common use o f ion exchange resins is in water softening and water purification. There
are four main resin types which differ by their functional groups, i.e. strongly acidic,
weakly acidic, strongly basic, and weakly basic.
The generalized anion exchange reaction is depicted in the following equation:
R + -A -

+

B-

^

R + -B -

+

A-

The degree to which the ion exchange reaction proceeds depends on the resin’s
selectivity. This resin affinity for an ion is expressed as the selectivity coefficient, K.
The magnitude o f K represents the relative preference to absorb anion B as compared to
anion A. The selectivity coefficient is defined as:

B"
r

A '
s

A “
r

B"
s

^ B /A “
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The subscripts, r and s, specify the resin phase and solution phase. The concentrations o f
the resin and solution must be in the same units, such as mmol/gram. The selectivity
coefficient is a dimensionless quantity.
Table 1 gives the selectivity coefficients o f monovalent anions for a strong base
anion exchanger. The hydroxide anion is the reference ion because it is m ost easily
displaced from the resin and its selectivity coefficient is arbitrarily set at 1 .0 .

Table 1

Selectivity Coefficients o f Monovalent Anions on
Strong Base Anion Exchanger
Anion

Selectivitv Coefficient

Hydroxide
Citrate
Iodide
Phenate
Bisulfate
Chlorate
Nitrate
Bromide
Bisulfite
Bromate
Chloride
Bicarbonate
lodate
Acetate

1 .0
2 2 0 .0

175.0
1 1 0 .0

85.0
74.0
65.0
50.0
27.0
27.0
2 2 .0
6 .0

5.5
3.2

* Data taken fi-om “Ion Exchange Training Manual”, by G. P. Simon, pp. 46-47.

The strong base anion exchange resins used in this work have chloride as the resin
anion. Since the selectivity coefficient o f iodide is 175 compared to 22 for chloride, the
iodide ion has a much higher affinity for the resin than the chloride counter ion. As a

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

consequence, by utilizing an appropriate ratio o f resin to analyte solution, virtually all the
sample iodide will be taken up by the resin (Simon, 1991).
These basic principles o f ion exchange are the foundation o f the method o f iodide
analysis presented here. After the iodide in an aqueous sample is adsorbed by ion
exchange resin the goal is to quantify the iodide by a rapid and sensitive analytical
technique. Our method o f iodide-resin analysis is by pyrolysis-GC/MS. During the
thermal decomposition stage the adsorbed iodide reacts with the resin to form Mel.
The chemical basis o f the M el formation is the following. It is well established
that quaternary ammonium ions are susceptible to nucleophilic displacement reactions.
This approach has been used by others to analyze the alkyltrimethylammonium
composition o f various surfactants (Tsai and Ding, 2004; Hind et al., 1997). Specifically,
their purpose was the quantitation o f the surfactant long-chain alkyl groups ranging from
C | 2 to Ci 8 . The iodide salts o f the surfactants were thermally decomposed and analyzed
by GC/MS for the nonionic alkyldimethylamine products o f the pyrolysis. The Mel
generated by the reaction was not a factor in the analysis.
In this work the goal was to quantify the iodide in aqueous samples based on the
level o f methyl iodide generated during the pyrolysis o f the resin. After the sample
iodide was absorbed by anion exchange resin, the resin was dried and then pyrolyzed.
During the pyrolysis, iodide nucleophilically attacks the quaternary amine methyl group
to yield Mel. The quantity o f M el generated in the pyrolysis should be proportional to
the iodide level in the aqueous sample. The mechanism of the reaction for both resins is
shown in Figure 4.
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Figure 4

Mechanism o f resin pyrolysis to yield Mel

POL.

CHJ

CH

CHJ

CH

POL.

It should be noted that the benzylic carbon in the structure o f AG1-X8 resin is
very susceptible to nucleophilic attack. We were concerned about the potential for
interference by this undesirable side reaction. The reaction generates trimethylamine and
polymer bound benzylic iodide. The mechanism is illustrated in Figure 5. Note that
there is no similar concern o f a competing side reaction for the poly-methylpyridinium
resin.

Figure 5

Mechanism o f AG1-X8 pyrolysis to yield trimethylamine

POL.

POL.

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

W ater Samples from Lake Mead and from
The Las Vegas Municipal Water System
The samples from the Las Vegas municipal water system were taken from the
sink tap in our lab and are referred to as “City water”. With the assistance o f the
Southern Nevada Water Authority (SNWA), Lake Mead water samples were obtained
from three SNWA sampling sites. The three sites are as follows: 1) Pumping station
intake - located about 400 meters from the Nevada shore near the deep pipeline where
lake water is taken for Clark County municipal needs. 2) Colorado River site - located
near the Arizona shore, it is the area o f greatest depth on the lake and is in the main flow
channel. 3) Las Vegas Wash site - shallow depth area located about 500 m eters from the
mouth o f the Las Vegas Wash. The Las Vegas Wash is the primary channel through
which the valley's excess water returns to Lake Mead and comprises less than 2 % o f the
flow into Lake Mead. It consists o f urban runoff, shallow groundwater, stormwater and
releases from the valley's three water reclamation facilities.
Lake Mead samples were taken on two separate dates. The first sample date is
4-21-06 and the second sample date is 7-7-06. Samples were stored in darkness at 4°C.
Table 2 shows the sample designations and corresponding sample depths.

Table 2

Lake Mead water samples

Pump Station Intake
Depth,
Sample
[meter]
number
PS-1
Surface
PS-2
12
30
PS-3
PS-4
40

Colorado River Channel
Sample
Depth,
number
[meter]
CR-1
Surface
CR-2
30
60
CR-3
CR-4
90

Las Vegas W ash
Depth,
Sample
[meter]
number
LVW-1
Surface
2
LVW-2
5
LVW-3
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NOTE: The results o f the Lake Mead iodide analyses by the resin-pyrolysis method
presented in this chapter will be compared with those obtained by the HS-M el method
(see Chapter 4).

The Iodide Calibration Curve
To address the feasibility o f the resin pyrolysis method the first goal o f this work
was to generate a satisfactory iodide calibration curve. It was decided to compare the
calibration curve derived by the A G I-X 8 resin based iodide analysis to the calibration
curve obtained by an iodide specific electrode analysis. Standard iodide solutions over a
concentration range o f 3.0x10'^ M to 3.0x10'^ M were prepared with potassium iodide in
DI-H 2 O.
Resin samples were pyrolyzed with a CDS Pyroprobe 2000 equipped with a
CDS model 1500 GC interface that is attached to a Varian Star 3400 gas chromatograph.
The GC is connected directly to a Varian Saturn II ion-trap mass spectrometer. The GC
column was an EC-5 (Alltech, 30 m x 0.25 mm, 0.25 pm). The calibration standards
were treated with AG1-X8 resin and the dried resins were analyzed by pyrolysis-GC/MS
as follows. In a 50 mL centrifuge tube 500.0 m g o f dry anion exchange resin was
combined with 40.0 mL o f the aqueous sample. The tube is sealed and mixed end over
end for one to two hours. The resin is filtered o ff and then dried under vacuum at 40°C.
A 0.8 mg to 1.2 mg portion o f the dried resin is weighed by analytical balance into a
pyrolysis tube. The resin is pyrolyzed at 500°C for 20 seconds. During the pyrolysis
volatile products are cryotrapped as they enter the GC column by an

8

cm loop o f the

column immersed in liquid N 2 . The GC oven is turned off during this step and for the
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first 5 min o f the analysis. At the end o f this first 5 min the liquid Nz is removed and the
column oven is activated. After the oven is turned on the following GC temperature
program is applied: 40°C for 1 min, followed by a temperature ramp at 10°C/min to
120°C, followed by a temperature ramp at 20°C/min to 280°C, and then hold at 280°C
for 1 min. Methyl iodide was quantified by monitoring 142 (m/e). A more detailed
description o f the pyrolysis method is given in the Experimental section - Procedure for
Analysis o f Environmental Water Samples by Resin Pyrolysis (p. 32).
A Cole-Parmer Iodide Electrode, Model No. 27502-23, was used for the electrode
analysis. The iodide specific electrode converts the activity o f iodide ion dissolved in an
aqueous sample into an electrical potential, which can be measured by a voltmeter. The
measured voltage is proportional to the logarithm o f the iodide concentration, and the
sensitivity o f the electrode is expressed as the electrode slope - in millivolts per decade o f
concentration. In practice, the detection limit is on the order o f 10'^-10'^ M for m ost
ion-selective electrodes.
The results o f the calibration curves derived by iodide electrode analysis and by
the resin pyrolysis method are displayed in Figure

6

and Figure 7 respectively (see p. 30

and p. 31). The calibration curves were judged satisfactory.
Efforts were then directed to produce calibration curves for both the AG1-X8 and
the methylpyridinium anion exchange resins at a lower concentration range. Specifically,
the appropriate range for iodide analysis o f environmental samples is from 10'*^ M to
1O^M. The quantity o f resin used for the analysis was adjusted down to 40mg.
Flowever, a usable calibration curve could not be obtained for either resin in this
concentration range (data not shown). It appears that the method detection limit with the
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GC/MS system we were using was in the 10'* M to 10'^ M range. Subsequently, our lab
obtained a new, more advanced GC/MS system. That instrument, a Varian CP-3800 gas
chromatograph with a Varian Saturn 2200 ion-trap mass spectrometer, has much greater
sensitivity and stability. The results obtained with the new instrument are presented in
the following sections.

Figure

Iodide calibration curve by iodide selective electrode
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-
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Iodide calibration curve by AG1-X8 resin pyrolysis

Figure 7
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A note to the reader regarding environmental sample analyses by the anion
exchange resin method. After satisfactory calibration curves at low iodide concentrations
could not be obtained with the anion exchange resins, we redirected our efforts to the
determination o f iodide by the modified method o f Funazo et al. (1982) described in the

Literature Review chapter (pp. 12-13). Using this method, studies o f iodide and iodate
levels were carried out on Las Vegas tap water. Lake Mead water samples, and on soil
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samples from the Virgin River area. The analytical procedure and results are presented in
Chapter 4.
When the new Varian (GC/MS) instrument was obtained, study o f the ion
exchange resin method was renewed. The focus o f the work was to ascertain the
accuracy and utility o f the resin pyrolysis method. Studies were done on both the
AG1-X8 and the methylpyridinium anion exchange resins. The resin pyrolysis procedure
and results are presented in the following sections.

Procedure for Analysis o f Environmental
Water Samples by Resin Pyrolysis
Experimental

(see Schematic 1. p. 34)

Reagents:

The poly(styrene-co-divinylbenzyltrimethylammonium chloride) ion exchange
resin, AG1-X8, was obtained from Bio-Rad Laboratories, Inc. (Hercules, CA). The other
resin tested, poly(divinylbenzene-co-1-methyl-4-vinylpyridinium chloride), was
purchased from Aldrich (Milwaukee, WI). Sodium dithionite and ascorbic acid were
obtained from Aldrich (Milwaukee, WI). Reagent grade sodium chloride was supplied
by Aldrich (Milwaukee, WI).
Instrumentation:

Resin samples were pyrolyzed with a CDS Pyroprobe 2000 equipped with a CDS
model 1500 GC interface that was attached to a Varian CP-3800 gas chromatograph. The
CP-3800 GC is connected directly to a Varian Saturn 2200 ion-trap mass spectrometer.
The GC column was a VF-5ms (Varian, 30 m x 0.25 mm, 0.25 pm).
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Procedure:

Analysis for iodide:
The procedure for iodide determination o f standard solutions or aquatic samples is
the same for each case. In a 50 mL centrifuge tube 40.0 mg o f dry anion exchange resin
is combined with 40.0 mL o f the aqueous sample. The tube is sealed and mixed end over
end for one to two hours. The resin is filtered off and then dried under vacuum at 40°C
in a VWR Scientific Products vacuum oven, Model 1410. A quartz pyrolysis tube
(2.0cm

X

2mm) is cleaned by precombustion at 1000°C for 20 sec. A 1.0 mg to 1.5 mg

portion o f the dried resin is weighed by analytical balance into the cleaned pyrolysis tube.
The resin is centered in the tube and held in place with quartz wool. Cotton gloves are
worn during sample handling to avoid contamination. The tube is placed within the
pyrolysis probe which is equipped with a coiled platinum wire. The probe is then secured
within the pyrolysis interface. The quartz tube is heated to 500°C for 20 sec by an
electric current passed through the platinum wire. The pyrolyzed resin yields
decomposition products including Mel, which are swept from the probe interface,
through the GC injector, and onto the GC column by the helium carrier gas. During the
pyrolysis an

8

cm loop o f the column is immersed in liquid Na in order to trap volatile

pyrolysis products. The GC oven is turned off during this step and for the first 5 min o f
the analysis. At the end o f this first 5 min the liquid N 2 is removed and the column oven
is activated. After the oven is turned on the following GC temperature program is
applied: 40°C for 1 min, followed by a temperature ramp at 10°C/min to 120°C, followed
by a temperature ramp at 20°C/min to 280°C, and then hold at 280°C for 1 min. Methyl
iodide was quantified by monitoring 142 (m/e).
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Schematic 1

Resin pyrolysis procedure - iodide or iodate analysis
Iodide Analysis
Combine in a sealed
50 mL centrifuge tube 40 mg anion exchange
resin + 40 ml of
,
HgO sample

lodate Analysis
Combine 10mg of
sodium dithionite with
50 ml of HjO sample.
Let stand in darkness
for 2 hours

lodate
reduction

Mix end over end
for one to two hours

Filter off resin.
Dry resin under
vacuum @ 40°C.

Analyze ~1 mg of dry
resin for Mel
by pyrolysis-GC/MS

Analysis for iodate:
lodate can be determined after reduction to iodide. Quantitation o f free inorganic
iodine as iodide and iodate was then derived by the difference between the reduced
(i.e. TII analysis) and unreduced sample. Two reduct ants were investigated in this work,
sodium dithionite and ascorbic acid. In the first reduction 10 mg (0.0574 m mol) o f
sodium dithionite were added to 50 ml o f aqueous sample. For the ascorbic acid
reduction, 12 mg (0.0681 mmol) were added to 50 ml o f aqueous sample. In both cases
the reduction was carried out by allowing the treated sample to stand in darkness for one

to two hours (the reaction mixture is stable for at least

12

hours and can be stored in

darkness overnight). A 40 mL portion o f the reduced sample was then treated with
40.0 mg o f dry anion exchange resin and then analyzed for M el as per the procedure for
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iodide above. This yields a determination o f total inorganic iodine (TII). Sample IO3
can then be quantified as [ IO3' ] = [ TII ] - [ T ].

Low Iodide Concentration AG1-X8 Calibration Curve
Calibration curve standards were prepared with potassium iodide in DI-H 2 O to
yield iodide concentrations ranging from 1 nanomolar to 500 nanomolar. Analyses o f the
iodide standards with AG1-X8 were carried out as described in the Experimental section.
The dried AG1-X8 has an ion exchange site concentration o f 2.6 meq/g. Therefore, the
total quantity o f exchange sites in 40 mg is 104 micromoles. The AG1-X8 calibration
curve is shown in Figure

8

(p. 36).

Linear regression o f the data yields the equation, y = (1.33E+10)x + 9.9, with a
correlation coefficient o f 0.9998. Statistical analysis gives the following results:
Standard deviation o f the slope = 6.18E+7
Standard deviation o f the Y-intercept =12.5.
The variable y corresponds to the GC response and x corresponds to the aqueous
iodide concentration. In the AG1-X8 analyses o f environmental water samples that
follow, the measured GC response gives the iodide concentration as:
L 1 _ (GC resp. - 9.9)
^

(1.33 E + 10)

Limit o f Detection for AG1-X8 Analysis

When the chemist is attempting to quantify trace concentrations o f an analyte it is
necessary to apply statistical methods to assess the limit o f detection. It should be
emphasized that the definition o f a limit o f detection is arbitrary and subject to debate. In
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Figure

Low concentration iodide calibration curve by AG1-X8 resin pyrolysis
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the most general sense, the eoneentration o f analyte that produees an instrument signal
significantly different from the blank or background signal specifies the limit o f
detection. This description leaves room for a fair amount o f interpretation and eontention
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relating to the term ‘significantly different’. With this in mind, a common practice o f
defining the limit o f detection will be used in this work. The detection lim it is defined as
the mean o f a series o f blanks plus three times the standard deviation o f the blank
measurements. For the AG1-X8 method seven blanks were analyzed for iodide as per the
Experimental procedure. The blanks consisted o f DI-H 2 O. The average o f the measured
GC responses was 16.3 and the standard deviation was 12.2. Multiplying the standard
deviation by 3 and adding this value to the mean o f the blanks yields the limit o f
deteetion, 52.9, as a raw data value (i.e. GC response). Inserting this value into the
calibration equation yields the iodide concentration detection limit o f 3.2 nM.

Analysis o f W ater Samples with AG1-X8
Part I : AG1-X8 analvsis o f iodide
Table 3 shows the results o f iodide analysis on Lake Mead w ater samples treated
with AG1-X8 resin. The analyses were done according to the iodide procedure as
described in the Experimental section. The first column in the table identifies the GC run
number. The second column gives the sample identification number and sample date (see
Table 2 for details). The third column is the sample iodide concentration in nanomolar
units (nM) as determined by the resin pyrolysis analysis. Many o f the results are
designated as outliers, i.e. 0/L . In those cases the methyl iodide peak in the GC/MS
analysis was either zero or a very small magnitude.
In regard to the GC run numbers the following explanation is provided. In the
case o f agi 11-10, agi 12-10, and agi 13-10, the entire procedure, from sample treatment
with AG1-X8 to GC/MS analysis, was duplicated on the Lake Mead samples. The GC
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run numbers that end with 2, 3, or 4, e.g. agl08-02, agi 10-3, or agi 12-2, are repeats o f
the GC/MS analysis on the original resin product.

Table 3

Iodide analysis with AG1-X8

GC run #
agios
a g i08-02
a g i08-03
a g i08-04
agi 1 0
agi 1 0 - 2
agi 10-3
agi 1 1
agi 1 1 - 2
a g lll-1 0
agi 1 2
agi 1 2 - 2
agi 1 2 - 1 0

Lake
Mead
Sample
CR-4 (4-21)
CR-4(4-21)
CR-4 (4-21)
CR-4 (4-21)
CR-1 (4-21)
CR-1 (4-21)
CR-1 (4-21)
CR-1 (7-7)
CR-1 (7-7)
CR-1 (7-7)
PS-1 (7-7)
PS-1 (7-7)
PS-1 (7-7)

Iodide,
[nM]
52.1
3&4
0 /L
42.0
71.8
77.3
0/L
O/L
O/L
0/L
O/L
O/L
O/L

GC run #
agi 13
agi 13-10
agi 15
agi 15-2
agi 16
agi 16-2
agi 17
agi 17-2
agi 2 1
agi 2 1 - 2
agi 2 2
a g i2 2 - 2

Lake
Mead
Sample
PS-2 (4-21)
PS-2 (4-21)
PS-4 (4-21)
PS-4 (4-21)
PS-3 (7-7)
PS-3 (7-7)
CR-2 (7-7)
CR-2 (7-7)
CR-3 (4-21)
CR-3 (4-21)
PS-4 (7-7)
PS-4 (7-7)

Iodide,
[nM]
O/L
O/L
50.7
O/L
O/L
O/L
30.1
2 1 .8

16.9
O/L
O/L
O/L

The majority o f the results are obviously failed analyses and even the numerical
results are quite scattered. It was hypothesized that other anions absorbed by the
AG1-X8 resin, such as sulfate and carbonate, interfere with the generation o f M el during
the resin pyrolysis. This view is strengthened by the relatively consistent results obtained
from the iodide standard solutions in which iodide is the only anion present.
To address the question o f interference by sulfate and carbonate it was decided to
treat the iodide/resin product with excess sodium chloride solution. The purpose o f the
excess chloride is to displace the interfering anions. It is expected that iodide will remain
adsorbed to the resin because o f iodide’s strong affinity for the resin. That adsorbed
iodide is not easily displaced has been observed previously (Powell et al., 2002). This
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has been confirmed by experiments in our lab. The iodide adsorbed to AG1-X8 was not
displaced when the resins were rinsed with 2M HCl or with 2M NaCl.
The dried iodide/resin was taken up in a solution o f 70mg NaCl in 40 mL DI-H 2 O
in a sealed 50 mL centrifuge tube and mixed end over end for one to two hours. The
resin was filtered off and then dried under vaeuum at 40°C and, as per the procedure in
Experimental, the resin was analyzed by pyrolysis-GC/MS. Table 4 shows the results
after the NaCl treatment. In the case o f agl22-30 and agl24-30, the entire procedure
from AGI -X 8 anion exchange followed by NaCl treatment to pyrolysis-GC/MS analysis
was repeated on the water sample. The run numbers such as agi 12-21 or agi 22-31 are
repeats o f the pyrolysis-GC/MS only.

Table 4

Iodide analysis with AG1-X8 after NaCl treatment

GC run #
agi 1 0 - 2 0
agi 1 1 - 2 0
agi 1 2 - 2 0
agi 1 2 - 2 1
agi 1 2 - 2 2
agi 13-20
agi 15-20
agi 16-20
agi 17-20
agi 17-21
ag l 2 1 - 2 0

Lake
Mead
Sample
CR-1 (4-21)
CR-1 (7-7)
PS-1 (7-7)
PS-1 (7-7)
PS-1 (7-7)
PS-2(4-21)
PS-4 (4-21)
PS-3 (7-7)
CR-2 (7-7)
CR-2 (7-7)
CR-3 (4-21)

Iodide,
[nM]
59.6
57.3
82.4
5&2
5&8
42.9
56.7
49.3
23.4
23.9
40.7

GC run #
a g i2 2 - 2 0
a g i2 2 - 2 1
ag i22-30
agl22-31
ag i23-20
agl23-21
agl24-20
a g i24-21
a g i24-30
a g i24-31
a g i25-30

Lake
Mead
Sample
PS-4 (7-7)
PS-4 (7-7)
PS-4 (7-7)
PS-4 (7-7)
PS-3 (4-21)
PS-3 (4-21)
PS-1 (4-21)
PS-1 (4-21)
PS-1 (4-21)
PS-1 (4-21)
CR-3 (7-7)

Iodide,
[nM]
102.3
51.6
52J
38.1
46.9
42.1
58.7
49.7
71.4
19.1
59J

The results o f the iodide measurements are better after the NaCl treatment since
all the samples yielded M el by the pyrolysis-GC/MS analysis. However, there is
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significant variation in the iodide values. Statistieal analysis o f the data yields the
following:
Average o f Iodide cone. = 52.0 nM
Std. Dev. = 18.7 nM.
In comparison, the HS-Mel iodide analyses o f all the PS and CR Lake Mead
samples (see Chapter 4) yielded the following statistical results:
Average o f Iodide cone. = 44.8 nM
Std. Dev. = 2.5 nM.
Aldrich Reagent Grade sodium chloride was used for the treatment o f
iodide/resins. Since the sodium chloride may contain trace amounts o f iodide, a study
was done with both AG1-X8 and the pyridine resin to examine the potential o f iodide
contamination from the NaCl. The results o f those studies are discussed in the pyridine
resin analysis section (Part III, Tables 14 and 15, p. 55).
Example GC/MS chromatograms for the resin pyrolysis method
Figure 9a shows the total ion chromatogram (GC/MS Run # a g i24-20) for the
iodide analysis by AG1-X8 pyrolysis-GC/MS o f Lake Mead sample PS-1 (4-21). The
pattern o f peaks observed for the PS-1 (4-21) total ion chromatogram is representative o f
the peak pattern for all the AG1-X8 chromatograms. This peak pattern is observed in the
case o f TII (IO 3 reduced) analysis as well. Figure 9b is the integrated methyl iodide ion
peak, 142 (m/e). The ion peak area is the raw value o f the GC response. This value is
adjusted based on the mass o f the AG1-X8 resin pyrolyzed to yield the GC response per
milligram. The GC resp/mg is applied to the AG1-X8 calibration equation to calculate
the eoneentration o f iodide for PS-1 (4-21).
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Figure 9a

Total ion chromatogram o f Lake Mead sample PS-1 (4-21)
r analysis by AG1-X8; GC/MS Run # a g i24-20
F ilte r e d

MCounts

m in Li te s
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Figure 9b

Lake Mead sample PS-1 (4-21), integrated M el ion peak, 142 (m/e);
GC/MS Run # a g i24-20
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8 .5.
m mutes

Part II : AG1-X8 analysis o f total inorganic iodine (TII) for iodate determination
>

Method - Iodate reduction with sodium dithionite
Table 5 shows the total iodide (i.e. TII) o f water samples that were subjected to

reduction by sodium dithionite followed by anion exchange with AG1-X8 resin. The
analyses were carried out as per the iodate procedure in the Experimental section. These
initial TII results were unsatisfactory. To address the possibility o f interference by
sulfate and carbonate on the pyrolysis, the iodide/resins were treated with excess sodium
chloride as done previously in the unreduced iodide analyses. The TII results obtained
after treatment o f iodide/resins with excess chloride are given in Table 6 .

Table 5

Sodium dithionite - TII analysis with AG1-X8
GC run #
agi 18
a g i18-2
agi 19
agi 19-2
agi 2 0
a g i2 0 - 2

Table

6

Iodide,
[nM]
64.1
32.6
O/L
O/L
O/L
O/L

Sample
PS-3 (7-7)
PS-3 (7-7)
City water
City water
City water
City water

Sodium dithionite - TII analysis with AG1-X8 after NaCl treatment
Iodide,
[nM]
GC run #
Sample
44.6
agi 18-20
PS-3 (7-7)
agi 19-20
City water
O/L
O/L
a g i2 0 - 2 0
City water
a g i26-30
CR-1 (4-21)
428
45.0
a g i26-31
CR-1 (4-21)
56.7
PS-4 (7-7)
agi 27-31
164
agl28-30
City water
25.1
City
water
a g i28-31
a g i28-32
City water
O/L
176
City water
a g i28-33
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The TII measurements after treatment with NaCl are still unsatisfactory for the
Lake Mead samples as well as the City water samples. Statistical analysis o f the Lake
Mead (Table 6 ) sample data yields the following:
Average o f TII cone. - 47.3 nM
Std. Dev. = 6.4 nM
Note that the average TII concentration o f 47.3 nM is less than the A G I-X 8
analyzed average for iodide (52.0 nM; Table 4), which is clearly invalid. In comparison,
the HS-Mel analyses (see Chapter 4) o f all PS and CR samples for TII (reduction with
sodium dithionite) yielded the following statistical results:
Average o f TII conc. = 89.1 nM
Std. Dev. = 3.6 nM.
>

2"^ Method - Iodate reduction with ascorbic acid
In view o f the previous analytical results it was decided the iodide-resin product

obtained after ascorbic acid reduction would be treated directly with NaCl and then
analyzed by AG1-X8 resin-pyrolysis. The analyzed iodide levels (i.e. TII) o f water
samples reduced with ascorbic acid are shown in Table 7. The results are not
satisfactory.

Table 7

Ascorbic acid - TII analysis with AG1-X8 after NaCl treatment
GC run #
a g i26-40
a g i27-40
a g i28-40

Sample
CR-1 (4-21)
PS-4 (7-7)
City water

Iodide,
[nM]
41.5
15.2
2&8
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Iodide - Pyridine Resin Calibration Curve
Subsequent to our previous work, the pyridine anion exchange resin had become
commercially available from Aldrich. The Aldrich resin was used in the experiments
described in this section. Calibration curve standards were prepared with potassium
iodide in DI-H 2 O to yield iodide concentrations ranging from 1 to 500 nanomolar.
Analyses o f the iodide standards with pyridine resin were carried out as described in the
Experimental section. The dried pyridine resin has an ion exchange site concentration o f
3.4 meq/g. Therefore, the total quantity o f exchange sites in 40 mg is 136 micromoles.
The calibration curve obtained is shown in Figure 10 (see p. 46).
The linear regression equation is, y = (1.81E+10)x + 47, with a correlation
coefficient o f 0.9982. Statistical analysis gives the following results:
Standard deviation o f the slope = 3.86E+8
Standard deviation o f the Y-intercept = 80.
In the analyses o f environmental water samples the measured GC response gives
the iodide concentration as:
(GC resp. - 47)
[■ T

(1.81E + 10)

Limit o f Detection for Pyridine Resin Analysis
As discussed in the AG1-X8 section the limit o f detection is determined by
running a series o f blanks. The detection limit is then defined as the mean o f a series o f

blanks plus three times the standard deviation o f the blank measurements. Five blanks,
consisting o f DI-H 2 O, were analyzed for iodide with pyridine resin as per the
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Figure 10

Iodide calibration curve by pyridine resin pyrolysis

GC run #
p llO
p ill
p ll2
p ll3
p ll4
p ll5

Iodide
conc.,
[M]
l.OOE-09
5.00E-09
l.OOE-08
5.00E-08
l.OOE-07
5.00E-07

GC
response
8.30E+01
1.46E+02
2.68E+02
1.18E+03
2.10E+03
1.09E+04

Pyr. resin
weight,
[mg]
1 .2
1 .2
1 .2
1 .0

1.3
1 .2

resp/mg
6.92E+01
1.22E+02
2.23E+02
1.18E+03
1.61E+03
9.11E+03

Pyridine Resin Iodide Caiibration Curve
10000

8000

O)

E

6000

S
km

4000

V

= 1.81E+10x + 4.66E+01
= 9.98E-01

2000

O.OOE+00

2.00E-07

4.OOE-07

6.00E-07

Iodide Conc, [M]

Experimental procedure. The mean o f the measured GC responses was 91.4 and the
standard deviation was 21.2. Multiplying the standard deviation by 3 and adding this
value to the blank average yields the limit o f detection, 155, as a raw data value (i.e. GC
response). Inserting this value into the calibration equation yields the iodide

concentration detection limit o f 6.0 nM.
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Analysis o f W ater Samples with Poly(N-methylpyridinium) Resin
Part I : Pyridine resin analysis o f iodide
The iodide analyses o f water samples treated with poly(N-methylpyridinium)
resin are listed in Table 8 . The analyses were done as per the iodide procedure described
in the Experimental section. GC run numbers ending with a hyphenated number are
repeats of the GC/MS analysis on the original iodide/resin product.

Table

Iodide analysis with pyridine resin

8

GC run#
pl08
pl08-2
p i 08-3
p lI 9
p l2 0
p l2 2
p l2 2 - 2
pl23
pl2 4
p i 24-2

Sample
CR-4 (4-21)
CR-4 (4-21)
CR-4 (4-21)
CR-1 (4-21)
PS-4 (7-7)
CR-3 (4-21)
CR-3 (4-21)
PS-1 (4-21)
PS-4 (4-21)
PS-4 (4-21)

Iodide,
[nM]
44.7
45.4
20.5
49.7
40.3
23.4
31.8
33.1
43.2
2&3

GC run#
pl25
pl26
pl27
pl27-2
pl49
pl50
pl51
p l2 1 - 2 0
pl32-20
pl52

Sample
CR-1 (7-7)
PS-2 (7-7)
PS-3 (7-7)
PS-3 (7-7)
PS-2 (4-21)
CR-2 (7-7)
CR-4 (7-7)
City water
City water
City water

Iodide,
[nM]
33.6
17.2
24.9
33 j
24.9
29J
36.0
4.6
5.5
9.0

For the Lake Mead samples the statistical analysis gives:
Average o f Iodide conc. = 32.9 nM
Std. Dev. = 9.4 nM.
By comparison, the HS-Mel iodide analyses o f PS and CR samples are:
Average o f Iodide conc. - 44.8 nM
Std. Dev. = 2.5 nM.
The dried iodide/resins were treated with NaCl solution by the same procedure
used in the AG1-X8 resin study. This is to address the presumed disruptive effect o f
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sulfate and carbonate anions on the pyrolysis-GC/MS analysis. The iodide analyses after
the NaCl treatment are shown in Table 9.

Iodide analysis with pyridine resin after NaCl treatment

Table 9
GC run #
p i 19-20
pi 2 0 -2 0
p l2 2 - 2 0
pl23-21
p i 24-21
pl25-20
p i 26-20
p i 26-21

Sample
CR-1 (4-21)
PS-4 (7-7)
CR-3 (4-21)
PS-1 (4-21)
PS-4 (4-21)
CR-1 (7-7)
PS-2 (7-7)
PS-2 (7-7)

Iodide,
[nM]
59.1
55.7
106
96.1

GC run#
p i 27-20
p i 27-21
p i 49-20
p i 50-20
P151-20
p l2 1 - 2 0
p i 32-20
p i 52-20

102

94.8
9&6
108

Sample
PS-3 (7-7)
PS-3 (7-7)
PS-2 (4-21)
CR-2 (7-7)
CR-4 (7-7)
City water
City water
City water

Iodide,
[nM]
152
100

47.8
5&6
58.7
5.1
6 .2
6 .8

For the Lake Mead samples the statistieal analysis gives:
Average o f Iodide conc. = 87.5 nM
Std. Dev. = 29.8 nM.
By comparison, the HS-Mel analysis o f PS and CR sample yielded:
Average o f Iodide conc. - 44.8 nM
Std. Dev. = 2.5 nM.
The treatment o f the City water iodide samples with excess NaCl appears to have
no affect on the iodide results. This is probably due to the very low levels o f iodide
present in City water. A detailed discussion o f this finding is given in the H S-M el
section on City water results (Chapter 4; pp. 61-63). The statistical results for all the City

water measurements (Table

8

and Table 9) are:

Average o f Iodide eonc. = 6.2 nM
Std. Dev. = 1. 6 nM.
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Part II : Pyridine resin analysis o f total inorganic iodine (TII) for iodate determination
>

Method - Iodate reduction with sodium dithionite
The analyses o f four samples for TII are shown in Table 10. The samples were

reduced with sodium dithionite as per the Experimental section. As was the case with the
AG1-X8 method, all the T il results are low. The statistieal results for Table 10 are;
Average o f Iodide conc. = 37.2 nM
Std. Dev. = 7.9 nM.

Table 10

Sodium dithionite - T il analysis with pyridine resin
GC run #
pl33
p l3 4
pl35
p l3 6

Table 11
GC run#
p i 16
p i 16-10
p ll7
p ll7 -1 0
p i 33-20

Sample
PS-4 (4-21)
CR-1 (7-7)
PS-3 (7-7)
City water

Iodide,
[nM]
45.2
42.4
2& 6

32.6

Sodium dithionite - T il analysis with pyridine resin after NaCl treatment
Sample
CR-1 (4-21)
CR-1 (4-21)
PS-4 (7-7)
PS-4 (7-7)
PS-4 (4-21)

Iodide,
[nM]
46.9
54.3
8 22
32.0
34a

GC run #
p i 34-20
pl35-20
p ll8
p ll8 -1 0
p i 36-20

Sample
CR-1 (7-7)
PS-3 (7-7)
City water
City water
City water

Iodide,
[nM]
37.2
48.8
59.1
34.2
25.8

The results for sodium dithionite reduced samples treated with excess chloride are

in Table 11. The statistical results for all the NaCl treated samples in Table 11 are:
Average o f TII conc. = 45.5 nM
Std. Dev. = 16.7 nM.
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In comparison, the HS-Mel analyses o f all the Lake Mead PS and CR samples for
T il (reduction with sodium dithionite) yielded the following statistical results:
Average o f T il conc. = 89.1 nM
Std. Dev. = 3.6 nM.
The TII values obtained by the pyridine resin - pyrolysis method are significantly
lower and less precise than the HS-Mel (reduction with sodium dithionite) results. The
Til levels are actually less than or about equal to the Lake Mead iodide resin analysis
results, which is obviously invalid. These results, as well as the T il results by AG1-X8,
suggest that extraneous anions absorbed by the exchange resin interfere with or impede
the formation o f methyl iodide during the pyrolysis step. This hypothesis will be
discussed in detail in Conclusions, Chapter 6 (pp. 90-92).
Example GC/MS chromatograms for the resin pvrolvsis method
Figure 11a shows the total ion chromatogram (GC/MS Run # p i 35-20) o f the
poly(N-methylpyridinium) resin analysis for T il (IO 3 reduced) o f Lake Mead sample
PS-3 (7-7) by pyrolysis-GC/MS. The pattern o f peaks observed for the PS-3 (7-7) total
ion chromatogram is representative o f the peak pattern for all the poly(N-methylpyridinium) resin chromatograms. This peak pattern is observed in the case o f T il (IO 3
reduced) analysis as well. Figure 1 lb is the integrated methyl iodide ion peak, 142 (m/e).
The ion peak area is the raw value o f the GC response. This value is adjusted based on
the mass o f the poly(N-methylpyridinium) resin pyrolyzed to yield the GC response per
milligram. The GC resp/mg is applied to the poly(N-methyl-pyridinium) resin calibration
equation to calculate the T il concentration o f PS-3 (7-7).
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Figure l i a

Total ion chromatogram o f Lake Mead sample PS-3 (7-7), T il analysis
with poly(N-methylpyridinium) resin; GC/MS Run # p i 35-20
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1 7 .5
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Figure 1 lb

Lake Mead sample PS-3 (7-7), integrated M el ion peak, 142 (m/e);
GC/MS Run # p l3 5 -2 0
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7 7 5

Filtered

>

2"^ Method - Iodate reduction with ascorbic acid
Table 12 shows the TII results o f samples that were reduced with ascorbic acid

and Table 13 gives the T il results o f the same samples after treatment with NaCl solution.

Table 12

Ascorbic acid - T il analysis with pyridine resin
GC run #
pl28
pl29
p l3 0
pl43
pl44
pl45
pl46
pl31
pi 47

Sample
CR-3 (4-21)
PS-4 (4-21)
PS-3 (7-7)
CR-4 (4-21)
PS-1 (4-21)
CR-2 (7-7)
PS-2 (7-7)
City water
City water

Iodide,
[nM]
45.1
45.7
40.9
54.0
49.3
108
57.8
46.2
38.2

Statistical analysis o f Table 12 data gives:
Average of T il conc. = 53.9 nM
Std. Dev. = 21.2 nM.

Table 13

Ascorbic acid - T il analysis with pyridine resin after NaCl treatment
GC run #
p i 28-20
p i 29-20
p i 30-20
pl43-20
p i 44-20
pl45-21
p i 46-20
pl31-20
p i 47-20

Sample
CR-3 (4-21)
PS-4 (4-21)
PS-3 (7-7)
CR-4 (4-21)
PS-1 (4-21)
CR-2 (7-7)
PS-2 (7-7)
City water
City water

Iodide,
[nM]
71.5
72.7
58.7
65.6
64.1
6 8 .1

64.6
70.0
77.5
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For Table 13 statistical analysis gives:

Average o f Til conc. = 68.1 nM
Std. Dev. = 5.6 nM
These T il values are lower and less precise than the HS-Mel (reduction with
sodium dithionite) results. The HS-Mel results are:
Average o f T il conc. = 89.1 nM
Std. Dev. = 3.6 nM.
Part 111 : Pvridine resin analvsis o f Reagent Grade NaCl for iodide
Analyses were conducted on the reagent NaCl used in treating the iodide/resins to
address the potential for iodide contamination. The analysis consists o f determining the
iodide level in NaCl solutions o f increasing concentration. Table 14 contains the data
obtained by analysis with pyridine resin. The second column lists the quantity o f NaCl
dissolved in 40 mL DI-H 2 O. The pyrolysis-resin analysis was applied to these solutions
as detailed in the Experimental section. The iodide analyses are not listed in the table
because the GC responses (last column) are at or below the limit o f detection o f the
method. These GC responses correspond to ~1 nM iodide concentration. Essentially the
same study was done with AG1-X8 (data not shown) with equivalent results.
In order to demonstrate that measurable levels o f iodide in the N aCl solution
could be detected by the method, salt solutions were prepared that were spiked with
iodide. The data from the analyses o f two spiked solutions are shown in Table 15. The
iodide determinations for the 50 nM and 100 nM iodide spiked salt solutions were
58.9 nM and 85.8 nM respectively.
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Table 14

Trace iodide analysis o f reagent NaCl by the pyridine resin method

NaCl
mass,

Table 15

GC run #

[mg]

SC-116

60

SC-117

Pyr. resin
GC
weight.
response
[mg]

resp/mg

132

1.2

110

150

239

1.2

199

SC-118

300

139

1.3

107

sc- 119-2

600

292

1.3

225

Analysis o f NaCl solutions spiked with iodide

GC run #
sc- 120
SC-121

NaCl
conc.,
[M]
5.56E-02
1.11E-01

Iodide
conc.,
[nM]
50
100

Pyr. resin
GC
weight,
response
resp/mg
[mg]
2650
3480

1.3
1.2

2040
2900
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Analysis
result,
lod., [nM]
58.9
85.8

CHAPTER 4

ANALYSIS OF ENVIRONMENTAL WATER SAMPLES
BY THE HS-MEI METHOD
The Chemical Principle o f the Derivatization Method
The iodide anion is a good nucleophile in protic solvent compared to the other
halide anions. This is a reversal o f the general rule that stronger bases are stronger
nucleophiles. This is because the more electronegative halide ions, F", Cl and B r , are
more tightly surrounded by a hydrogen bonded shell o f solvent molecules resulting in a
barrier between the ion and the substrate.
On the other hand, the compound dimethyl sulfate is a strong methylating agent
that reacts readily with nucleophiles. Dimethyl sulfate is so reactive that it must be
handled carefully as it is potentially carcinogenic due to méthylation o f DNA and protein.
The favorable chemical reactivities o f iodide and dimethyl sulfate are the basis o f iodide
analysis by derivatization presented in the following sections. In Figure 12 the

Figure 12

The iodide - dimethyl sulfate reaction

_
H3 C - O - S - Ô — CH 3

II

+

>

CH3I

+

O

= Q -S -0 - C H

H2O,
70° C
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o

3

mechanism o f the iodide and dimethyl sulfate reaction is shown. The volatile M el
produced is assayed by GC/MS analysis o f the sealed reaction vessel headspace. As
previously noted the method will be referred to as the HS-Mel method (headspace methyl iodide analysis).

Procedure for Iodide and Iodate Analysis
o f Environmental Water Samples
Experimental

(see Schematic 2. p. 58)

Reagents:

Dimethyl sulfate and sodium dithionite were obtained from Aldrich
(Milwaukee, WI).
Instrumentation:

The GC/MS analyses were done on a Varian Star 3400CX gas chromatograph
connected directly to a Varian Saturn 3 ion-trap mass spectrometer. The GC column was
an EC-5 (Alltech, 30 m x 0.25 mm, 0.25 pm).
Procedure:

Analvsis for iodide:
Iodide is quantified as methyl iodide as follows. A 50.0 mL aqueous sample is
acidified to pH = 3.0 ±0.2. Dimethyl sulfate (0.7 mL, 7.40 mmol) is added to the
50.0 mL aqueous sample in a 60 mL septum (crimp) sealed reaction vessel. The reaction
is carried out at 70° (heated by a eireulating water bath) while the sample is magnetieally

stirred. After 25-35 minutes the immiscible dimethyl sulfate is consumed and the
reaction mixture is cooled on ice to 0°C. The reaction vessel is removed from the ice
bath and a headspace gas sample is taken by syringe within one minute. A 500pL sample
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o f headspace gas is injected to the GC column. During the injection an

8

cm loop o f the

column is immersed in liquid N] in order to trap volatile products. The GC oven is
turned off during this step and for the first 2 min o f the analysis. At the end o f this first 2
min the liquid N ; is removed and the column oven is activated. After the oven is turned
on the following GC temperature program is applied: a temperature ramp o f 14°C/min for
10 min to 180°C and then hold at 180°C for I min. Methyl iodide was quantified by
monitoring 142 (m/e).

Schematic 2

HS-Mel procedure for water analysis - iodide or iodate

Acidify to
pH = 3.0 ±0.2
a 50ml water
sample.

Iodate
reduction

Add 10mg
sodium dithionite.
Let stand in darkness
for 2 hours

reduction

/ Combine with 0.7ml
dimethyl sulfate in a 60ml
\

crimp sealed bottle.

/

Stir @ 70°C for 25-35 min
(all dimethyl sulfate consumed)

Analyze SOOpL headspace

Cool to 0°C in

ice bath, ~1hr

Remove from

sample fo r Mel by GC/MS

Ice bath
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Analvsis for iodate:

Iodate is determined after reduction to iodide by sodium dithionite. A 50.0 mL
aqueous sample is acidified to pH = 3.0 ±0.2. Sodium dithionite, 10 mg (0.0574 mmol),
is added to the 50 ml aqueous sample. The treated sample is left standing in darkness for
one to two hours (the reaction mixture is stable for at least

12

hours and can be stored in

darkness overnight). The reduced sample is then reacted with dimethyl sulfate and
analyzed for M el according to the procedure for iodide above. This yields a
determination o f total inorganic iodine (TII). Sample IO 3 is then quantified as
[lO f]- [TII]-[f].

HS-Mel / Iodide Standard Calibration Curve
Iodide standards were run twice. Analyses o f the iodide standards were carried
out as described in the Experimental section. The concentrations o f the first set o f iodide
standards were from 5 nanomolar to 500 nanomolar. The second set was the same but
with the addition o f a 1 nanomolar standard. The results and the calibration curve
derived from the combined data sets are shown in Figure 13.
The linear regression equation is, y = (1.04E+1 l)x + 67, with a correlation
coefficient o f 0.9983. Statistical analysis gives the following results:
Standard deviation o f the slope = 1.43E+9
Standard deviation o f the Y-intercept = 313.
In the analyses o f environmental water samples the measured GC response gives
the iodide concentration as:
(GC resp. - 67)

I']:

(1.04 E - M l )
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Figure 13

Iodide calibration curve by the HS-Mel method

GC run #
HS552
HS553
HS554
HS555
HS556
HS625
HS626
HS627
HS628
HS629
HS630

Iodide
conc.,
[M]
5.00E-09
l.OOE-08
5.00E-08
l.OOE-07
5.00E-07
l.OOE-09
5.00E-09
l.OOE-08
5.00E-08
l.OOE-07
5.00E-07

GC
response
5.70E+02
1.09E+03
5.45E+03
1.06E+04
5.38E+04
1.13E+02
5.41 E+02
9.66E+02
5.35E+03
1.04E+04
5.02E+04

HS-Mel Analysis: Iodide Calibration Curve
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O.OOE+00

2.00E-07

4.00E-07

6.00E-07

Iodide Conc, [M]

Limit o f Detection for HS-M el Analysis
The detection limit is defined as the mean o f a series o f blanks plus three times

the standard deviation o f the blank measurements. Seven blanks were analyzed for
iodide as per the HS-Mel Experimental procedure. The blanks consisted o f DI-H 2 O. The
average o f the measured GC responses was 60.6 and the standard deviation was 28.3.
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Multiplying the standard deviation by 3 and adding this value to the blank average yields
the limit o f detection, 145.5, as a raw data value (i.e. GC response). Inserting this value
into the calibration equation yields the iodide concentration detection lim it o f 1.0 nM.

Results o f Water Sample Analyses for Iodide and Iodate
Part I : HS-Mel analvsis o f Citv W ater for iodide
City water samples were taken from the sink tap in our lab and are assumed to be
representative samples from the Las Vegas municipal water system. The first attempts to
analyze City water for iodide by the HS-M el method gave erratic and unreliable values.
Eventually, an unexpected chemical affect was observed to occur if a significant time
(hours) passed between the sample acidification and dimethyl sulfate reaction steps o f the
method procedure. There appeared to be partial reduction o f sample iodate when the
sample was left standing after the pH adjustment to 3.0 (see Tables 16 and 17).
Table 16 shows the HS-M el iodide analyses o f City water samples that w ere
taken to the dimethyl sulfate reaction step within 3 to 20 minutes after sample

Table 16

City water iodide analyses; short acidification period
GC run #
HS533
HS539
HS542
HS543
HS550
HS560
HS585
HS631

Iodide,
[nM]

DATE
2/3/2007
2/5/2007
2/6/2007
2/6/2007
2/8/2007
2/14/2007
3/8/2007
3/25/2007

1 .1

0.7
0 .2
0 .6
1 .2

0.5
0 .2

0.3
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acidification. The iodide results (average I conc. = 0.6 nM) are below the method
detection limit. Nonetheless, these results are useful in illustrating the reduction effect.
City water samples that were left standing in darkness for long periods after
acidification are listed in Table 17. The period o f time ranged from 12 to 24 hours with
the exception o f sample HS548, which stood for 48 hours. The average o f iodide
concentration is 5.8 nM.

Table 17

City water iodide analyses; long acidification period
GC run #
HS525
HS544
HS548
HS566
HS586
HS632

Iodide,
[nM]

DATE
1/30/2007
2/6/2007
2/7/2007
2/15/2007
3/8/2007
3/25/2007

5.6
6.7
5.3
5.7
8.5
3.2

This study was applied also to two Lake Mead samples. Table 18a shows the
HS-Mel iodide analyses o f these samples when reacted within minutes o f acidification.
Table 18b shows the iodide results when the samples were left standing for 24 hours after
acidification.

Table 18a
Lake Mead iodide analyses;
short acidification period

GC r u n #
HS564
HS565

Lake
Mead
Sample
CR-2 (7-7)
PS-2 (7-7)

Table 18b
Lake Mead iodide analyses;
long acidification period
Iodide,
[nM]
43.3
48.7

Lake
Mead
Sample
GC run #
HS567
CR-2 (7-7)
HS568
PS-2 (7-7)
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Iodide,
[nM]
49.3
52.1

The reduction effect is less apparent at the iodide level o f Lake Mead water,
relative to the low iodide in the municipal system water. The amount o f iodide in Las
Vegas City water is estimated to be only about 0-2% o f the total inorganic iodine
concentration. That there is little or no iodide in City water is not surprising since the
water is disinfected by ozonation and chlorination prior to pumping into the municipal
water system. This oxidizes virtually all o f the iodide to iodate (von Gunten, 2003).
The reductive effect o f acidification is presumed to be a consequence o f a redox
equilibrium change driven by the lower pH.
Part II : HS-Mel analvsis o f Citv Water for iodate
City water samples were reduced with sodium dithionite and analyzed for T il
according to the procedure in Experimental. Unlike the analyses for iodide, the T il
analyses o f City water samples were reasonably consistent and reliable. Table 19 shows
the T il results. Since the iodide level in City water is near zero the T il results can be
viewed as the concentration o f iodate.

Table 19
GC run #
HS293
HS318
HS324
HS334
HS335
HS343
HS345
HS376
HS398
HS437

T il analysis o f City water reduced with sodium dithionite
DATE
4/25/2006
5/9/2006
5/13/2006
5/15/2006
5/15/2006
5/22/2006
6/1/2006
6/28/2006
7/12/2006
8/10/2006

Iodide,
[nM]
8 T2
819
87.7
85.0
86.9
84.1
91.5
8&5
816

GC run #
HS465
HS498
HS508
HS514
HS515
HS545
HS561
HS587
HS624

DATE
8/24/2006
9/12/2006
9/19/2006
9/25/2006
9/29/2006
2/6/2007
2/14/2007
3/8/2007
3/22/2007

8 6 .6
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Iodide,
[nM]
96.0
89.9
81.0
85.3
82.6
85.4
88.5
91.4
90.2

Statistically the City water (Table 19) results yield:
Average o f Til conc. = 87.3 nM
Std. Dev. = 3.5 nM.
Part II : HS-Mel analvsis o f Lake Mead water samples for iodide and iodate
Water samples obtained from three Southern Nevada W ater Authority sampling
sites on Lake Mead (see Table 2) were analyzed by the HS-Mel method. The samples
were analyzed according to the Experimental procedures to measure T il and iodide.
Iodate is then determined from the T il and iodide difference. The analytical results for
the three sites are given in Tables 20,21, and 22.

Table 20

Analyses o f the Colorado River channel samples

Sample
ID
CR-I
CR-2
CR-3
CR-4
CR-1
CR-2
CR-3
CR-4

Sample
date
4/21/2006
4/21/2006
4/21/2006
4/21/2006
7/7/2006
7/7/2006
7/7/2006
7/7/2006

Iodide
TII =
conc.,
[ I ' ] + [I03].
[nM]
[nM]
45.5
92.9
47.3
893
42.0
87.3
45.1
94.6
49.1
89.8
8 6 .6
433
418
89J
42.1
86.4

Depth,
[m]
0

30
60
90
0

30
60
90

Statistical analysis o f the Colorado River channel samples gives:
Average o f Iodide conc. = 44.8 nM

Std. Dev. = 2.5 nM
Average o f Til conc. = 89.6 nM
Std. Dev. = 2.9 nM
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Iodate
conc.,
[nM]
47.4
42.0
45.3
49.5
40.7
43.3
45.9
44.3

Average o f Iodate conc. = 44.8 nM
Std. Dev. = 3.9 nM.

NOTE: the standard deviation o f the iodate concentration is the quadratic sum o f the
standard deviations o f the TII and iodide concentrations.

Table 21

Analyses o f the Pump Station intake samples

Sample
ID
PS-1
PS-2
PS-3
PS-4
PS-1
PS-2
PS-3
PS-4

Sample
date
4/21/2006
4/21/2006
4/21/2006
4/21/2006
7/7/2006
7/7/2006
7/7/2006
7/7/2006

Iodide
TII =
conc.,
[ f ] + [l03].
[nM]
[nM]
44.5
818
42.0
8 6 .6
42.8
82.4
43.3
883
49.4
95.7
48.7
923
44.1
84.0
44.4
91.0

Depth,
[m]
0
12

30
40
0
12

30
40

Iodate
conc.,
[nM]
44.3
44.6
39.5
44.8
46.3
43.6
39.8
46.6

Statistical analysis o f the Pump Station intake samples gives:
Average o f Iodide conc. = 44.9 nM
Std. Dev. = 2.7 nM
Average o f TII conc. =

8 8 .6

nM

Std. Dev. = 4.4 nM
Average o f Iodate conc. = 43.7 nM
Std. Dev. = 5.1 nM.

NOTE: the standard deviation o f the iodate concentration is the quadratic sum o f the
standard deviations o f the TII and iodide concentrations.
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Table 22

Analyses o f the Las Vegas Wash samples

Sample
ID
LW-1
LW-2
LW-3
LW-4
LW-5
LW - 6

Sample
date
4/21/2006
4/21/2006
4/21/2006
7/7/2006
7/7/2006
7/7/2006

Iodide
TII =
conc.,
[ I ] + [103-].
[nM]
[nM]
115
182
160
107
118
69
130
190
154
98
117
168

Depth,
[m]
0
2

5
0
2

5

Iodate
conc.,
[nM]
67
53
48
60
55
51

The levels o f iodate and especially iodide are significantly higher at the Las
Vegas Wash sample site than at the Pump Station and Colorado River channel sites.
Possible origins o f the excess iodine generated in the Clark County urban environment
include residential, industrial and medical sources. An additional contributor to the
elevated inorganic iodine in the Wash is a higher salinity level. The elevated salinity o f
the Wash may be geological in origin as well human activity (e.g. regeneration o f water
softening systems).
The inorganic iodine results may also indicate some seasonal variation in the
Wash discharge. Long term study would be necessary to determine if this is the case.
The fact that the Las Vegas Wash flows into Lake Mead as a surface plume is probably
the explanation for the variation o f inorganic iodine by depth.
Part III : Example GC/MS chromatograms for the HS-Mel method - iodide analvsis
Figure 14a shows the total ion chromatogram for iodide analysis by the HS-M el
method o f Lake Mead sample CR-1 (7-7). The CR-1 (7-7) chromatogram is
representative o f all the HS-Mel chromatograms for iodide analysis.
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Four ion plots from scan number 360 to 450 (3.0 to 3.8 min) are displayed in
Figure 14b. At the top is the total ion plot. The second plot is the integrated methyl
iodide ion peak, 142 (m/e). The ion peak area (5175) is the GC response value with
which the iodide concentration o f CR-1 (7-7) is calculated using the HS-Mel calibration
equation.
The third and fourth plots in Figure 14b are the integrated methyl bromide ion
peaks, 96 and 94 (m/e), that correspond to the natural Br isotopes o f 79 and 81 amu.
Although analysis o f environmental samples for bromide was not a goal o f this research,
these MeBr results are a clear indication that the HS-Mel method could be applicable to
bromide analysis.
Figures 14c and 14d are discussed on page 69.

Figure 14a
Total ion chromatogram - Lake Mead CR-1 (7-7) iodide analysis by
________ HS-Mel; GC/MS Run # HS58Q_______________________________
Comment : CR-1
CpH-3; U n re d u )
0 0 0 (H e )2 S 0 4 0 .S*L
S c a n : 758
Seg: 1
G ro u p : 8 R e t e n t i o n : 6 . 2 4
R IC : 5 3 9
H asses:
5 2 -4 3 1
P l o t t e d : 388 t o 7 5 0
R ange: 1 t o 1688
180% = 1852662
188%

TOT-

.
388
2 .4 9

I

408
3 .3 3

^

500
4 .1 6

■ r

608
5 .8 8

I

'

■ ■ '

I '

708
5 .8 3
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Figure 14b

Lake Mead CR-1 (7-7) - GC/MS scans 360 thru 450;
integrated M el and MeBr peaks; GC/MS Run # HS580

C om m ent: CR—1
< pH -3; U n re d u )
B 0 0 (0 8 ) 2 8 0 4 0.5m L
S c an : 458
! eg: 1
S
G ro u p : 0 R e t e n t i o n : 3 . 7 4
R IC : 4 7 2
M a s s e s : 6 4 -4 3 0
R a n g e : 1 t o 1680
P l o t t e d : 368 t o 450
100% = 1 8 5 2 6 6 2

100 %

TOT

142

94

380
3 .1 6

Figure 14c

480
3 .3 3

428
3 .4 9

448
3 .6 6

Lake Mead CR-1 (7-7) - ion composition o f the Mel peak;
GC/MS Run # H S 5 80_____________________________________^__

Com m ent: CR-1
(p H -3 ; U n re d u )
8 0C (M e)2S04 B .5nL
S c a n : 421
Seg: 1
G ro u p : 0 R e t e n t i o n : 3 . 5 0
R IC : 8 4 1 0
M asses:
5 0 -3 4 1
« P k s : 57
B a se P k : 1 4 2
I n t : 3422
100.08% = 3 4 2 2
100%
142

INT
127
64

I
40

,
60

80

100

120

140

160

180

200

220

240

260

28 0

300

320
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340

Figure 14d
Lake Mead CR-1 (7-7) - ion composition o f the MeBr peaks;
________ GC/MS Run # HS580_______________________________________
Comment : CR-1
(p H -3 ; U n re d u )
B 0C (M e)2S M 0.5fiiL
S can: 403
Seg: 1
G ro u p : 0 R e t e n t i o n : 3 . 3 5
R IC : 6 3 9 2 2
M a s s e s : 4 9 -2 8 1
« P ks: 56
B a se P k : 9 4
I n t : 16698
100.00% = 1 6 6 9 8
100%
94

INT-

81

40

60

80

109
142
231
281
1 ' I M ' I I I ' I I I ' I T'I I I I | T I I I ■! r ' I I I I I ' I I I' I
100
120
140
160
180
200
220
240
260
280

Figure 14c (previous page) shows the ion composition o f the integrated methyl
iodide peak centered at scan number 421. Note the 127 (m/e) peak, which corresponds to
the iodide ion. Figure 14d shows the ion composition o f the methyl bromide peaks
centered at scan number 403. As expected there are peaks at 79 and 81 (m/e), which
correspond to the two bromide isotope ions.
Part III : Example GC/MS chromatograms for the HS-Mel method - TII analysis
Figure 15a is the total ion chromatogram for Til analysis (IO3' reduced to iodide)
by the HS-M el method o f Lake Mead sample CR-I (7-7). The CR-1 (7-7) chromatogram

is representative o f all the HS-M el chromatograms for TII analysis.
Four ion plots from scan number 360 to 450 (3.0 to 3.8 min) are displayed in
Figure 15b. At the top is the total ion plot. The second plot is the integrated methyl
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iodide ion peak, 142 (m/e). The ion peak area (9409) is the GC response value with
which the TII concentration o f CR-1 (7-7) is calculated using the HS-M el calibration
equation.
The third and fourth plots in Figure 15b are the integrated methyl bromide ion
peaks, 96 and 94 (m/e), that correspond to the natural Br isotopes o f 79 and 81 amu.
It is notable that the GC responses for the MeBr peaks in Figure 15b (sample is reduced
with sodium dithionite) are very similar to those in Figure 14b (no reduction step). This
indicates there is very little BrOg relative to Br in Lake Mead waters.
Figures 15c and 15d are discussed on page 72.

Figure 15a

Total ion chromatogram - Lake Mead CR-1 (7-7) TII analysis by HS-Mel;
GC/MS Run # HS584

C a n n e n t: CK-1
( p H -3 : R e d u )
0 0 0 (M e)2804 0 .5 n L
S can: 750
Seg: 1
G ro u p : 0 R e t e n t i o n : 6 . 2 5
R IC : 4 9 7
H a s s e s : 5 1 -3 0 1
P l o t t e d : 3EM t o 7 5 0
R a n g e : 1 t o 1679
100% = 9 8 8 2 9 2
100%
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I

I

I

- 4 —|L

I
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I
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70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I

I

I

Figure 15b

Lake Mead CR-1 (7-7); TII analysis - GC/MS scans 360 thru 450;
integrated Mel and MeBr peaks; GC/MS Run # HS584

Comment : CR-1
(p H - 3 ; R ed u )
Ia 0C (M e)2S04 B .S nL
S c a n : 45B
I eg; 1
S
G ro u p : 0 R e t e n t i o n : 3 .7 4 I
R IC : 886
(la s s e s : 5 1 -4 2 8
P l o t t e d : 3 6 0 t o 450
R a n g e : 1 t o 1679
100% = 9 8 8 2 9 2
100%

TOT

142

161

94-

360
2 .9 9

380
3 .1 6

40 0
3 .3 3

420
3 .4 9

Figure 15c
Lake Mead CR-I (7-7); TII analysis - ion composition o f the M el peak;
________ GC/MS Run # HS584_______________________________________
Comment : CR-1
(p H -3 : R e d u )
B 0C (M e)2S04 0.5m L
S can: 418
Seg: 1
G ro u p : 0 R e t e n t i o n : 3 . 4 8
R IC : 12281
M a s s e s : 5 1 -3 8 4
* P k s: 59
B a s e P k : 142
I n t : 5606
100.00% = 5 6 0 6
100%
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Figure 15d

Lake Mead CR-1 (7-7): TII analysis - ion composition o f the MeBr peaks;
GC/MS Run # HS584

Com m ent: CR-1
(p H -3 ; R e d u )
@ 0C (M e)2S04 0 .5 n L
S c a n : 400
Seg: 1
G ro u p : 0 R e t e n t i o n : 3 . 3 3
R IC : 7 2 8 7 8
M a s s e s : 5 0 -2 9 5
# P k s: 54
B a se P k : 9 4
I n t : 1 8697
100.80% = 1 8 6 9 7
100%
94
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Figure 15c (previous page) shows the ion composition o f the integrated methyl
iodide peak centered at scan number 418. Note the 127 (m/e) peak, which corresponds to
the iodide ion. Figure I5d shows the ion composition o f the methyl bromide peaks
centered at scan number 400. There are peaks at 79 and 81 (m/e), which correspond to
the two bromide isotope ions.
Part IV : Iodide spike studies o f water samples
To validate the HS-Mel method water samples were spiked with iodide prior to
analysis. Table 23 shows the results o f iodide spikes (50 and 100 nM) to Lake Mead

sample PS-1 (7-7) (no dithionite reduction).
Table 24 gives the results o f iodide spikes (100 and 300 nM) to City water
samples. All the samples were treated with dithionite to reduce iodate. In Table 25 are
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the results o f 100 nM and 300 nM spikes applied to Lake Mead CR-2 (4-21). These
samples also were treated with dithionite to reduce iodate.

Table 23

Lake Mead PS-1 (7-7) spiked with iodide (not redueed)

GC run #
HS581
HS582
HS583

Table 24

0

50
100

GC
response
5.20E+03
1.07E+04
1.64E+04

Analyzed
iodide
eone., [nM]
49
103
157

City water spiked with iodide and reduced with sodium dithionite

GC run #
HS561
HS562
HS563

Table 25

lod. spike
eonc.,
[nM]

lod.spike
cone.,
[nM]
0
100

300

GC
response
9.27E+03
1.91E+04
4.15E+04

Analyzed
iodide
conc., [nM]
89

183
398

Lake Mead CR-2 (4-21) spiked with iodide and reduced
with sodium dithionite

GC run #
HS574
HS575
HS576

lod. spike
cone.,
[nM]
0
100

300

GC
response
9.36E+03
2.06E+04
3.96E+04

Analyzed
iodide
conc., [nM]
89

197
380

Figure 16 (next page) shows a more comprehensive study on Lake Mead sample
CR-4 (7-7) spiked incrementally with 100 nM to 500 nM iodide concentrations. All the
samples were treated with dithionite to reduce iodate.

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 16

Lake Mead CR-4 (7-7) spiked with iodide and reduced
with sodium dithionite

GC run #
HS569
HS570
HS635
HS571
HS636
HS637

lod. spike
conc.,
[nM]
0
100
2 0 0

300
400
500

GC
response
9.05E+03
1.91E+04
3.04E+04
3.97E+04
4.91 E+04
6.31E+04

Analyzed
iodide
cone., [nM]
86

183
291
381
472
606

Lake Mead CR-4 (7-7); Iodide Spiked
70000
60000
50000
40000
30000

y = 1.06E+02X + 8.66E+03
= 9.96E-01

20000
10000

400

200

600

Iodide Spike Conc., [nM]

The linear regression equation is, y = (1.06E+02)x + 8660, with a correlation
coefficient o f 0.996. Statistical analysis gives the following results:
Standard deviation o f the slope = 3.14E+00
Standard deviation o f the Y-intercept = 951.
The regression equation Y-intercept value, 8660, conforms well with the
measured GC response o f 9050 for the unspiked CR-4 (7-7). The good correlation
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coefficient and the good agreement between the Y-intercept and the measured GC
response would appear to confirm the reliability o f the HS-Mel method.
These results strongly indicate there is little or no interference by other anions in
the HS-Mel method, whereas anion interference seemed to be a significant problem in the
pyrolysis-resin method.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 5

ANALYSIS OF UNBOUND INORGANIC IODINE IN
ENVIRONMENTAL SOILS BY THE HS-MEI METHOD
The Virgin River Soil Study
The objectives o f this study were to evaluate the vertical distribution o f inorganic
iodine (iodide and iodate) in the Black Butte soil series along the Virgin River floodplain
in Nevada and Arizona. The soil profile samples were taken from abandoned meander
loops and backswamp areas on the Virgin River floodplain. The floodplain slopes are
from 0 to 2 percent. The lower Virgin River Valley is a large alluvial basin located in the
transition zone between the Colorado Plateau and the Basin and Range geological
provinces. The Virgin River flows into the Overton Arm o f Lake Mead about 40
kilometers southwest o f Mesquite, Nevada. The locations of the three Black Butte
sample sites, BBl , BB2, and BB3, are shown in the Figure 17 map (Morton, 2006).
The salt-impacted soils that commonly occur on this arid climate floodplain
become sinks for soluble salts and anthropogenic contaminants such as agricultural and
industrial pollutants as well as radionuclides from nuclear research sites. Three large
floods have impacted the Virgin River region from 1951 to the present. The m ost recent

flood, January 2005, had the highest peak discharge o f the three floods, approximately
1048 cms.
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Figure 17

The lower Virgin River Valley near Mesquite, Nevada (Morton, 2006).
y
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Four Black Butte soil profiles were obtained for analysis. A sample profile was
taken in March 2004 at the B B l site and is designated BBl-BF, i.e. BBl before the 2005
flood. Sample profiles were taken in January 2006 from each o f the three Black Butte
series sites, i.e. BBl , BB2, and BB3. The January 2006 BBl samples are designated
BBl-A F, i.e. B Bl after the 2005 flood. These samples were provided to our lab by
Professor Brenda Buck o f the UNLV Geoscience department. These soil samples were
analyzed in Prof. Buck’s lab with the focus on the environmental transport and deposition
characteristics o f the radionuclide Cesium-137. In addition to the Cs-137 levels, the soil
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compositions o f the samples were determined. The soil characteristics analyzed in Prof.
Buck’s lab included the percentages o f sand, silt, and clay (Morton, 2006).
Information about the concentration o f iodine in soils is o f great importance in
relation to public health. As previously discussed, iodine is a micronutrient that is
inadequate in inland soils. Likewise, contamination by radioactive iodine from nuclear
facilities is an ongoing concern. Therefore, studies o f soil iodine content are essential
In regard to the soil analyses presented in the following sections it should be
reiterated that the species measured are iodide and iodate. As previously explained, these
forms o f iodine represent virtually all the inorganic iodine present in natural fresh waters.
The situation is more complex for soils because soil has multiple constituents and there
can be great variability in the composition o f soil fractions. Categorized in the broadest
sense, the components o f soil are minerals, organic matter (both living and dead), and
water. Most o f the iodine in soils is bonded covalently or bound by electrostatic and
surface interaction forces (e.g. Van der Waals forces, etc.). It is important to understand
that the measurements presented here are o f the water extractable inorganic iodine
components - I', IO3 , and TII. Fuge and Johnson (1986) describe this soil iodine
fraction as ‘mobile’ iodine and they suggest that this fraction typically is around

10

% of

the total soil iodine content. The mobile iodine in soil is contained in the soil water, solid
soluble inorganic inclusions, and surface absorbed iodide salts. In contrast, the ‘fixed’
forms o f soil iodine are in plant tissues, covalently bound to organic matter, bound within
mineral crystal lattices, and strongly sorbed to clays and colloids (Fuge, 1996; Fuge and
Johnson, 1986). The utility o f ‘mobile’ iodine measurements in geochemistry and
environmental studies will be discussed in Chapter 6 , Conclusions.
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Procedure for Iodide and Iodate Analysis o f
Environmental Soils by the HS-Mel Method
Experimental

(see Schematic 3. n. 80)

Reagents:

Dimethyl sulfate and sodium dithionite were obtained from Aldrich
(Milwaukee, Wl).
Instrumentation:

The GC/MS analyses were done on a Varian Star 3400CX gas chromatograph
connected directly to a Varian Saturn 3 ion-trap mass spectrometer. The GC column was
an EC-5 (Varian, 30 m x 0.25 mm, 0.25 pm).
Procedure:

Extraction o f iodide and iodate:
Soluble soil elements, including iodide and iodate, were extracted into an aqueous
fraction as follows. One gram o f a soil sample is combined with 30 ml DI-H 2 O in a
sealed, weighed centrifuge tube. The sealed tube is mixed end over end overnight. The
tube is centrifuged at 4000rpm for 4 minutes and then the water fraction is decanted into
a 125 mL Erlenmeyer flask. The centrifuge tube containing soil and water residue is
reweighed and then discarded. The aqueous fraction is acidified to pH = 3.0 ±0.2 and
then the volume adjusted to 50ml with DI-H 2 O.
Analvsis for iodide:
Dimethyl sulfate (0.7 mL, 7.40 mmol) is added to the 50.0 mL aqueous fraction in
a 60 mL septum (crimp) sealed reaction vessel. The reaction is carried out at 70° (heated
by a circulating water bath) while the sample is magnetically stirred. After 25-35 min the
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immiscible dimethyl sulfate is consumed and the reaction mixture is cooled on ice to 0°C.
A 500p,L gas sample from the reaction vessel headspace is injected to the GC column.
During the injection an

8

cm loop o f the column is immersed in liquid N; in order to trap

volatile products. The GC oven is turned off during this step and for the first 2 min o f the
analysis. At the end o f this first 2 min the liquid N ; is removed and the column oven is
activated. After the oven is turned on the following GC temperature program is applied:
a temperature ramp o f 14°C/min for 10 min to 180°C and then hold at 180°C for 1 min.
Methyl iodide was quantified hy monitoring 142 (m/e).

Schematic 3

HS-Mel procedure for soil analysis - unbound iodide or iodate

Combine in a sealed, weighed
50 mL centrifuge tube 1g soil + 30ml dlHgO

Acidify t o ^ ^
pH = 3.0 ±0.2
Adjust volume to
50ml with diH ,0.

Mix
overnight

Centrifuge @ 4000rpm
4 min. Decant off H^O.
Weigh centrifuge tube.

Iodate
reduction

Add 10mg
sodium dithionite.
Let stand in darkness
for 2 hours

No
reduction

/ Combine with 0.7ml
dimethyl sulfate in a 60ml
\ crimp sealed bottle. /

Cool to 0°C in
ice bath, ~1hr

Stir @ 70°C for 25-35 min
(all dimethyl sulfate consumed)

Remove from
Ice bath

Analyze 500pL headspace
sample for Mel by GC/MS

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Analvsis for iodate:

Sodium dithionite, 10 mg (0.0575 mmol), is added to the 50 ml aqueous fraction.
The treated sample is left standing in darkness for one to two hours (the reaction mixture
is stable for at least 12 hours and can be stored in darkness overnight). The reduced
sample is then reacted with dimethyl sulfate and analyzed for M el according to the
procedure for iodide above. This yields a determination o f total inorganic iodine (TII).
Sample IO 3 is then quantified as [ IO 3 ] = [ TII ] - [ F ].

Results o f Soil Sample Analyses
for Iodide and Iodate
The experimental procedures outlined above will yield measurements o f methyl
iodide that directly correspond to the concentrations o f iodide and TII in the soil samples.
The calculations o f TII, iodide and iodate are as follows. The concentration o f iodide or
TII in the 50 mL aqueous reaction mixture is calculated with the regression equation from
the HS-Mel calibration curve as described for water sample analysis in Chapter 4. A
correction is then made to take into account the residue o f extraction water left in the
centrifuge tube when the water was decanted off. The fraction o f water recovered by
décantation generally ranged from 0.95 to 0.98. For example, if the aqueous iodide
measurement was 74.4 nM and the recovered decant fraction was 0.976, then the
corrected aqueous iodide concentration is 76.2 nM. The number o f moles o f iodide or
TII extracted from the one gram soil sample is calculated based on the measured F in the
50 mL aqueous volume. The concentration in soil is reported in units o f pmol/kg. The
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example above gives a soil iodide concentration o f 3.81 pmol/kg. The soil iodate
concentration is calculated as [ IO3 ] = [ Til ] - [ f ].
After the analyses o f the Virgin River - Black Butte series were completed it was
observed that there is a significant correlation between the soil composition and the
sample iodide level. Specifically, the soil iodide profiles parallel the soil clay profiles to
a large extent. This relationship is well illustrated by plotting the iodide concentration
and the soil clay percent on the same graph. The results o f the iodide, iodate, and clay
analyses o f Black Butte soil series, B Bl-B F, BBl-A F, BB2 and BB3, are presented in
Figures 18,19, 20 and 21 respectively.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 18

HS-M el analyses o f iodide and iodate in B B l-B F soil

Sample
Number
BO
BA
BB
2B1
2B2
2B3

Depth,
[cm]
-2

-13
-26
-46
-72
-92

Per cent clay
Soil
Soil
Soil TII,
Iodate,
in soil,
Iodide,
[ pmol/kg ] [ pmol/kg ] [ pmol/kg ]
[% ]
14.1
1.94
0.96
0.98
0.83
24.3
5.15
432
20.4
0.90
5.19
6.08
0.57
0.94
038
3.8
0.42
1 .1 0
3.2
0.69
1.53
0.51
5.1
1.03
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6

Figure 19

HS-M el analyses o f iodide and iodate in BB 1-AF soil

Depth,
[cm]

Sample
Number
BBl-1
B B l-2
BBl-3
B B l-4
B B l-5
B B l- 6
B B l-7
B B l- 8
B B l-9
B Bl-10

Soil
Iodide,

Soil Til,

Soil
Iodate,

[ pmol/kg ]

[ pmol/kg ]

[ pmol/kg ]

0.94
3.10
2.93
3.30
2.45

0.48
259
205
2.43
1.69
1.53
1.54
1.24
0.52
0.48

-1

-4
-9
-14
-19
-24
-28
-32
-35
-48

0.46
0.51
0.89
0.87
0.75
0.33

1 .8 6

1.75
1.80

0 .2 1

0 .6 8

0.55
0.16

0.58

0 .1 0

Per cent clay
in soil,
[% ]
14.9
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12.5
9.9
5.5
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3.0

Figure 20

HS-M el analyses o f iodide and iodate in BB2 soil

Sample
Number
BB2-1
BB2-2
BB2-3
BB2-4
BB2-5
BB2-6
BB2-7
BB2-8
BB2-9

Depth,
[cm]
-1

-3
-9
-18
-28
-36
-44
-60
-90

Soil
Iodide,

Soil
Iodate,

Per cent clay
in soil,
[ pmol/kg ] [ pmol/kg ] [ pmol/kg ]
[% ]
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6

Figure 21

HS-M el analyses o f iodide and iodate in BB3 soil

Sample
Number
BB3-1
BB3-2
BB3-3
BB3-4
BB3-5
BB3-6
BB3-7
BB3-8
BB3-9

Depth,
[cm]
-1

-4
-1 2

-24
-36
-45
-50
-60
-85

Per cent clay
Soil
Soil
in soil,
Iodate,
Iodide,
Soil TII,
[ umoi/kg ] [ umoi/kg ] [ umoi/kg ]
[% ]
0.56
10.7
1 .1 1
0.55
8.2
0.60
038
032
5.5
0.42
0.80
039
25.7
0.61
1.24
L85
0.90
38.2
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1.18
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1.5

CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
The HS-Mel Analysis o f Water
The HS-Mel method applied to environmental water provides reliable analytical
results for iodide and iodate in the concentration range o f 5nM to 500nM. The precision
o f the results is acceptable as indicated by the observed standard deviations. Iodide and
iodate are determined from GC/MS analysis o f M el in the reaction vessel headspace. The
underlying principle and procedure o f the HS-Mel method have been detailed in the first
two sections o f Chapter 4.
The iodide and iodate levels o f Lake Mead water at the PS (SNWA pump station)
and CR (Colorado River channel) sample sites were found to be equivalent within the
limits o f precision for the HS-M el method. Statistical analysis o f the PS and CR samples
taken together (Tables 20 & 21) gives;
Average [E ] = 44.8 nM; Std. Dev. = 2.5 nM;
Average [ IO 3 ] = 44.3 nM; Std. Dev. = 4.4 nM.
The results o f the TII analyses demonstrated that the total inorganic iodide levels
at the PS and CR sites as well as Las Vegas city tap water were all essentially the same
within the limits o f precision tor the HS-Mel method. Statistical analysis o f the
combined PS, CR, and city water data (Tables 19, 20, & 21) yields:
Average TII = 88.1 nM; Std. Dev. = 3.6 nM.
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Based on the discussion above it is seen that although the TII level in city water is
about equivalent to the TII level in Lake Mead, the same cannot be said o f the iodide and
iodate levels. As explained in Chapter 4, this is the result o f the ozonation and
chlorination treatments applied to water before entry into the municipal water system. As
a consequence virtually all o f the iodide is converted to iodate. This means that the TII
analysis o f city tap water is equivalent to determining the iodate level. Statistical analysis
o f 19 city water TII analyses (Tables 19) yields:
Average TII = 87.3 nM; Std. Dev. = 3.5 nM.
Efforts to measure the iodide level o f Las Vegas tap water led to the observation
o f a reductive affect on iodate after sample acidification (see discussion o f Tables 16, 17,
18a, and 18b). This reduction affect is slow, requiring greater than

8

hours to reach

equilibrium. The resulting reduction o f some iodate to iodide is attributed to a redox
equilibrium change driven by the low pH.
The analysis o f Lake Mead samples taken 500 meters from the mouth o f the Las
Vegas Wash showed much higher levels o f iodide and, to a lesser degree, iodate than was
measured at the pump station and Colorado River channel sites (see discussion o f
Table 22). In addition to geological factors there are several possible anthropogenie
contributors to the higher salinity and inorganie iodine levels o f the Las Vegas Wash.
The detection o f MeBr in environmental samples strongly suggests that the
HS-Mel method can be applied to inorganic bromine analysis (the appropriate method
name would be HS-MeBr). The similar magnitude o f the M eBr peak areas for both
reduced and unreduced Lake Mead samples indicates that Br is the predominant form o f
inorganic bromine in Lake Mead waters.
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To validate the HS-M el method iodide spike studies were done on a number o f
environmental samples (see discussion o f Tables 23, 24, & 25 and Figure 16). The
results confirm the reliability o f the method.

The HS-Mel Analysis o f Soil
The HS-Mel procedure for the analysis o f iodide and iodate in soil is given in the
second section o f Chapter 5. The iodide and iodate measurements for each sample set are
plotted in Figures 18, 19, 20, and 21. The soil percent clay is plotted on the upper x-axis
o f the same graphs. This visually emphasizes the strong correlation between the iodide
concentration and the clay composition o f the soils. As was pointed out in the first
section o f Chapter 5, the soil iodine fraction that was determined by the HS-Mel analyses
is the ‘mobile’ iodine fraction. Since clays are known to retain water it is likely that most
of the inorganic iodine is dissolved in the aqueous fraction o f the soil clay. Some is also
probably contained in surface absorbed iodide salts and in soluble inorganic inclusions.
In the lower soil layers the inorganic iodine as well as clay content are much lower.
These lower layers have a high sand content. Iodide is the dominant inorganic iodine
form in the clay rich soil layers. In the layers with low iodide content the iodate level
tends to be on a par with iodide. The top 5 cm o f soil tends to have low iodide levels.
The observed soil distribution o f ‘mobile’ iodine is likely to be a consequence o f
the vertical movement o f water in these soils. These soils have water movements that can
be described as both epiaquic (top down water flow) and endoaquic (wicking up of
capillary groundwater resulting from surface evaporation) [Morton, 2006]. There also
appears to be the indication o f a geographic pattern in the enriched iodide soil fractions.
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The BB3 sample site is the farthest upstream and has the lowest overall inorganic iodine
content. The BB2 sample site is the farthest downstream and has the highest overall
inorganic iodine content.
These interesting soil data reinforce the potential utility o f inorganic iodine
analyses in geochemistry and environmental studies. In particular, the ‘m obile’ iodine
fraction can serve as a model for predicting distributions o f mobile radionuclides that are
difficult to detect. On the whole environmental iodine and its isotopes can yield
important information in regional hydrology, in atmospheric studies, in the search for
mineral deposits, and in the investigation o f radionuclide releases from nuclear facilities.

Analysis by Resin Pyrolysis
Prior to discussing the results o f the resin pyrolysis studies it is necessary to
emphasize that the data will be compared to the results obtained by the HS-M el method.
Since the HS-Mel data appears to be consistent and reliable it will serve as the
benchmark for evaluating the resin pyrolysis results.
The pyrolysis GC/MS method with AG1-X8 or pyridinium resin failed to give
accurate and sensitive determinations o f iodide and iodate in environmental water
samples. It is likely that extraneous ions, such as sulfate and carbonate, interfere with the
generation o f M el during the pyrolysis o f the iodide-resin sample. The following are
three possible mechanisms by which this interference effect might occur:
1

) interferes in the nucleophilic attack by iodide on the quaternary amine methyl

substituent; 2) impedes the evolution o f M el from the resin matrix due to accelerated
resin decomposition during the pyrolysis period; 3) enhances chemical degradation o f
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the Mel as it is formed during the pyrolysis. If the interfering ions hypothesis is correct,
one or any combination o f these mechanisms could underlie the poor results o f the resinpyrolysis method.
In the case o f AG1-X8, direct iodide analysis o f Lake Mead water samples was
very unsatisfactory (Table 3). The iodide determinations were generally low and very
scattered. After applying a “clean up” step (treating the iodide-resin with 70 mg NaCl in
40 mL DI-H 2 O) better results were obtained (Table 4). However the iodide results were
still poor compared to the HS-Mel results:
Average [ L ] = 52.0 nM vs 44.8 nM by the HS-Mel method;
Std. Dev. = 18.7 nM. vs 2.5 nM by the HS-M el method.
The analysis for TII using A G I-X 8 , both before and after the NaCI “clean up”
step, failed to yield reasonable results (Tables 5,

6

& 7). This was the case for reduction

by sodium dithionite or by ascorbic acid. All o f the TII results are too low except for two
city water samples that were very high.
The direct analysis o f Lake Mead samples for iodide with pyridinium resin gave
low iodide results (Table 8 );
Average [ T ] = 32.9 nM; Std. Dev. = 9.4 nM.
After applying the NaCl treatment to the iodide-resins, the iodide determinations were
too high and the values were very scattered (Table 9);
Average [ L ] = 87.5 nM; Std. Dev. = 29.8 nM.
The analysis o f Las Vegas tap water samples for iodide with pyridinium resin,
both before and after the NaCl treatment, gave somewhat consistent results
(Tables

8

& 9); Average [T ] =6. 2 nM; Std. Dev. = 1.6 nM.
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However, this concentration appears to be too high based on results by the HS-Mel
method that indicated the tap water iodide level is at or below one nanomolar. The
validity o f the HS-Mel finding is strengthened by the fact that the municipal water is
treated with ozone and chlorine before entering the water system. These disinfection
processes are known to oxidize iodide to iodate.
As was the case with AG1-X8, the analysis for TII with pyridinium resin yielded
low values in all cases (Tables 11, 12, & 13). The reduction by sodium dithionite
(followed by NaCl treatment) results are:
Average TII = 45.5 nM; Std. Dev. = 16.7 nM.
The reduction by ascorbic acid (followed by NaCl treatment) results are:
Average TII = 68.1 nM; Std. Dev. = 5.6 nM.
In contrast, the TII results by the HS-M el method are:
Average o f TII conc. = 89.1 nM; Std. Dev. = 3.6 nM.
The unsatisfactory results o f the iodide-resin analyses are hypothesized to result
from interfering anions such as sulfate and carbonate. The hypothesis is supported
somewhat by the NaCl treatment results which generally yielded higher iodide levels,
although accuracy and precision were still lacking. Stronger support o f the hypothesis is
shown by the calibration curve data for the two resins. The calibration standard
solutions, which contained iodide and no other anions, gave repeatable and consistent
iodide determinations. Another potential source o f interference is organic matter.
Organic matter can be adsorbed by ion exchange resin due to ionic and/or lipophilic
interactions.
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Comparison o f the calibration curves for the two resins leads to the following
observation about AG1-X8 resin. The magnitude o f the GC responses for pyridinium
resin (Figure 10) are somewhat higher than the GC responses for AG1-X8 (Figure 8 ).
Since the iodide concentrations used in both cases are equivalent, the difference between
the GC responses can be quantified by the ratio o f the regression equation slopes. The
ratio o f the AG1-X8 slope (1.329E+10) to the pyridinium resin slope (1.807E+10) equals
0.735. This indicates that on an equal mass basis AG1-X8 yields about 26% less Mel
than pyridinium resin does. If other factors are assumed to be equal, this suggests that
about 26% o f nucleophilic iodide attacks the benzylic carbon o f the AG1-X8 quaternary
amine instead o f a methyl group (see the discussion o f Figure 5, p. 26).
Despite the unacceptable results for the resin-pyrolysis method, further study is
merited with the aim o f achieving consistent and accurate analyses o f environmental
samples. Research could be directed to adjusting the pyrolysis temperature and/or the
time length o f pyrolysis to optimize the production o f Mel. A simple approach to
improve results would be to dilute the analyte solution with DI-H 2 O prior to treatment
with resin. This might reduce the load o f extraneous ions on the resin while the quantity
o f iodide adsorbed by the resin remains unchanged, or nearly so, because o f the high
iodide-resin affinity.
The modifications described above might lead to a workable resin pyrolysis
protocol, but if not, the following is a completely different approach to address the
interfering anion question. Slingsby and Pohl (1996) have described a method to
precipitate sulfate on a barium-form strong acid cation exchange resin. They examined
sulfate removal from prepared stock solutions o f Na 2 S0 4 . A primary consideration o f the
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technique is the availability o f the barium ion to precipitate the aqueous sample sulfate.
They demonstrated that the addition o f a divalent displacing cation, such as Ca^^, greatly
enhances the precipitation o f sulfate. A sulfate solution (400 mg/L conc.) was spiked
with 100 mg/L o f calcium (as CaCL) prior to treatment with the barium-form resin. This
yielded a ‘best result’ reduction o f solution sulfate from 400 mg/L to 1 mg/L. Since
natural fresh waters contain both calcium and magnesium ions, the addition o f CaCL
could probably be reduced or may not be needed to achieve the desired result. For the
resin-pyrolysis method the desirable result would be the equivalent generation o f M el
during the pyrolysis for the case o f both environmental samples and standard solution
samples. The exclusion o f virtually all anions other than chloride and iodide is probably
not required to obtain acceptable pyrolysis results.
It should also be noted that oxyanionic salts o f Ba^^ typically have very low
solubilities (barium halide salts are quite soluble). Table 26 lists the solubility products
(Ksp) o f barium salts that are o f interest to this discussion.

Table 26
The solubility product o f selected barium salts
Barium salt

Kse

BaSO,

1.08E-10

BaSO]

5.00E-10

BaCOg

2.58E-09

Ba(I03)2

4.01E-09

* Data taken from “The CRC Handbook o f Chemistry and Physics, SO**" Edition”,
David R. Lide, Editor-in-Chief, p. 8-111.
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Recall that in the TII analysis, lOmg (57.4 pmol) o f sodium dithionite is added to
the 40 mL aqueous sample to reduce iodate to iodide. Potentially, each mole o f
dithionite can yield a mole o f sulfate and sulfite. This would result in an increase in
sample sulfate and sulfite concentrations o f 138 mg/L and 115 mg/L respectively. Note
the low Ksp values o f barium sulfite and barium carbonate in Table 26. Since sulfite and
carbonate, as well as sulfate, could possibly interfere with the pyrolysis step, precipitation
by barium cation o f some or most o f these anions would be desirable also. Although
Table 26 shows barium iodate has low solubility, this is not a concern because in the TII
procedure the iodate would be reduced to iodide before the sample is treated with barium.
Iodate is determined by the difference between TII and iodide concentrations.
The precipitation o f sulfate, as well as other oxyanionic species, might be
achieved by simply treating the sample with BaCL. However, gross precipitations can
cause loss o f analyte species by inclusion and entrapment. Precipitation with the Ba-form
resin may reduce or eliminate this concern. Probably both approaches should be
examined.

Comparison o f the HS-Mel and
Resin Pyrolysis Procedures
The primary goal o f this research was to develop a method o f iodide and iodate
analyses that would be more reliable and convenient than the methods commonly used
today. It is desirable that the method results be at least as accurate and precise as the
typical analytical approaches. At the same time, procedural elements such as sample
processing and instrument requirements should be less complicated.
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The results presented above have demonstrated that the HS-Mel method is the
more reliable method. In terms o f instrumentation both methods analyze for methyl
iodide by GC/MS so they are essentially equal in that regard. It is in the sample
processing steps that I would rate the HS-Mel method as the less convenient method.
Specifically, the iodide-dimethyl sulfate reaction step and subsequent steps are somewhat
problematic. In this step the water sample and dimethyl sulfate are stirred at 70°C for 25
to 35 minutes in the sealed reaction vessel until the dimethyl sulfate is consumed. This
reaction step requires careful monitoring to insure the immiscible dimethyl sulfate is
being well agitated by the magnetic stirring. This step is followed by a 40 to 45 minute
ice bath cooling step and then the headspace sample is injected onto the GC column. If
the analysis needs to be repeated a new sample must be prepared and reacted with
dimethyl sulfate. This is necessary because the original reacted sample can’t be retained
because o f leakage o f M el through the punctured septum. Also, the M el is likely to be
gradually decomposed in the aqueous environment in the reaction vessel. In contrast the
pyrolysis-GC/MS stage o f the iodide-resin analysis involves the following.
Approximately one milligram o f the dried resin is weighed into a pyrolysis tube, which is
then placed in the pyrolyzer unit attached to the GC/MS for analysis. Repeating the
analysis simply requires repeating the above steps. In addition, my experience shows that
the vacuum dried iodide-resins (-4 0 mg o f resin) can be stored indefinitely without
affecting the M el determination.
The HS-Mel method has yielded a number o f interesting results concerning the
iodide and iodate levels in Lake Mead water samples, in Las Vegas tap water, and in soil
samples from the Black Butte plain o f the Virgin River valley. The ion exchange resin-
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pyrolysis method did not give satisfactory results for environmental water analysis.
However, the advantages o f the resin method would certainly merit further research
efforts to overcome the analytical deficiency. A modification o f the resin-pyrolysis
analysis is discussed in the next section.

An Alternative lodide-Resin Method
When considering the possible inadequacies o f the resin-pyrolysis m ethod, the
greatest misgiving arises from the nucleophilic reaction conditions. The Sn 2 reaction
conditions within the ion exchange resin at 500°C could reasonably be described as
chaotic and harsh. It is logical to expect that reactive pyrolysis byproducts w ould cause
some degradation o f Mel formation. This affect may be exacerbated by extraneous
anions as has been previously suggested. In the resin-alkane method described below,
the reaction takes place in milder, more benign conditions.
A variation to the resin pyrolysis technique is proposed that combines some
elements o f the HS-Mel method and the resin pyrolysis method. Instead o f producing
Mel by pyrolyzing the iodide-resin product, in this modified method the M el is generated
by heating the resin in a sealed vessel containing a high boiling alkane. T he purpose o f
using a high boiling alkane is to allow the reaction mixture to be heated to over 160°C
(i.e. near the solvent boiling point). After the reaction is finished the sealed vessel is
cooled on ice. Then a liquid sample o f the methyl iodide-alkane solution w ould be
analyzed by GC/MS to quantify the Mel. I have suggested decane as the reaction alkane
because o f its high boiling point. However, the reaction might be successful at a lower
temperature in which case a lower boiling alkane would be suitable.
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The proposed procedure is as follows. The first steps o f absorbing the sample
iodide with an ion exchange resin are identical to those described in Chapter 3. A 40 mL
aqueous sample is treated with 40 mg o f resin to absorb the sample iodide. The resin is
isolated and dried under vacuum. Then 20 mg o f dried iodide-resin product would be
combined with 35 mg o f decane (MW= 142.28, p = 0.73 g/mL, bp = 174°C) in a sealed
reaction vessel o f 3.0 mL volume. The amount o f resin and decane used should be
weighed by analytical balance to obtain the highest precision from the methyl iodide
determination. The reaction vessel should be rated to withstand at least 3 atm pressure.
The reaction mixture is then heated to 170°C for the appropriate time period. The
optimum reaction time would need to be established by test runs (e.g. compare 0.5, 2.0
and 5.0 hour reaction times). At the end o f the reaction period the sealed vessel is cooled
on ice to 0°C. This will result in almost all the Mel (bp = 43°C) condensing and
dissolving in the decane fraction. A liquid sample (1.0 - 2.0 pL) o f the decane phase
would then be analyzed by GC/MS for Mel. Environmental sample iodide concentration
would be determined by correlation with a calibration curve.
Since the foundation o f this iodide-resin procedure is the nucleophilic reaction o f
iodide with the methyl substituent o f a resin quaternary amine in a nonpolar hydrocarbon
solvent, a brief discussion o f solvent effects in Sn2 nucleophilic reactions is presented
here. There are four general types o f Sn 2 reactions. These four classifications are
distinguished by the charge on the reactants (substrate and nucleophile). The charge or
lack o f charge on reactants is very important in relation to transition state stability and
solvent effects. These factors strongly influence the reaction rate and their effects will be
discussed below.
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In the case o f reaction between a charged nucleophile and an uncharged substrate,
or an uncharged nucleophile and charged substrate, the charge becomes more dispersed
in the transition state. This is because the transition state is larger than the original
charged reactant. The dispersed charge o f the transition state is better stabilized in polar
solvent relative to nonpolar solvent. However, this reaction promoting effect is
overridden by a solvent shielding effect due to strong solvation o f the charged reactant by
the polar solvent. The net result o f these two countereffects is a small decrease in the
reaction rate in polar solvent.
For the case o f neutral reactants, the more polar the solvent, the faster the reaction
will be, because the polar solvent stabilizes the developing transition state charge. This
S n 2 reaction type has the general form, RX + Y ->

Y

. ..R ....

-> RY^ + X

Polar solvents reduce the energy o f the ionic transition state and do not strongly solvate
the uncharged reactants. The result is a large increase in the reaction rate in polar solvent
for this type o f S n 2 reaction (Smith and March, 2001).
In the case o f both nucleophile and substrate being charged, the initial charges are
decreased in the transition state. This S n2 reaction type has the general form,
RX

+ Y" —> Y ^

,.R .... X^

—> RY + X. Since the transition state has less net

charge than the individual reactants, its formation is energetically favorable. Also, the
oppositely charged reactants are less solvated in a nonpolar or low polarity solvent and
therefore the nucleophile and substrate can come together more easily. Consequently, for
this S n 2 reaction type there is a large reaction rate increase in nonpolar solvents relative
to polar solvents. The modified resin method proposed here is this form o f S n 2 reaction.
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The derivatization o f resin sorbed iodide to methyl iodide in an alkane solvent should be
energetically favorable (Smith and March, 2001).
If this analytical approach proves workable, it presents the possibility of
quantifying the actual yield o f Mel obtained by the procedure. The theoretical yield o f
the two reaction steps (resin sorption and nucleophilic iodide reaction) can be calculated
based on a known solution iodide concentration. For example, 40 mL o f a 100 nM
standard iodide solution contains 4.0 nanomoles o f iodide. Assume that in the first step
all o f the solution iodide is absorbed by 40 mg o f resin. Then, as per the proposed
procedure, 20 mg o f this resin product is heated with 35 mg o f decane in a sealed reaction
vessel to form Mel. If a quantitative yield o f methyl iodide were obtained by the
derivatization reaction, then the theoretical M el concentration in the decane phase (based
on 47.9 pL o f decane and 2.0 nanomoles o f M el) would be 41.7 pM. A standardized
solution o f Mel in decane could be made with reagent methyl iodide at a similar
concentration (e.g. 40 pM). By comparing the GC/MS analysis o f this Mel/decane
standard solution and the resin-GC/MS analysis o f the 100 nM standard aqueous solution,
the efficiency o f the iodide-resin method can be evaluated.
In summation, it is intended that the reaction conditions o f this method will result
in the nearly quantitative production o f Mel. It is believed that this improvement will be
achieved because the nucleophilic iodide reaction will not be impeded by the nonanalyte
anions in these less violent reaction conditions. If the generation o f M el is very uniform
and consistent, excellent precision may be attainable for the iodide and TII
measurements. Also, a very low detection limit might be realized by making rational
adjustments to the reactant proportions. Although the resin-alkane method requires more
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sample processing than the resin-pyrolysis method, improved accuracy and precision as
well as the potential to measure very low concentrations o f inorganic iodine could make
the extra complexity worthwhile.
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